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PREFACE 


This  report  describes  the  work  performed  under  Task  3  of  the  DOT/FAA 
High  Velocity  Jet  Noise  Source  Location  and  Reduction  Program  (Contract  DOT- 
OS-30034).  The  objectives  of  the  contract  were: 

•  Investigation,  including  scaling  effects,  of  the  aerodynamic  and 
acoustic  mechanisms  of  various  jet  noise  suppressors. 

•  Analytical  and  experimental  studies  of  the  acoustic  source  distri¬ 
bution  in  such  suppressors,  including  identification  of  source 
location,  nature,  and  strength  and  noise  reduction  potential. 

•  Investigation  of  in-flight  effects  on  the  aerodynamic  and  acoustic 
performance  of  these  suppressors. 

The  results  of  these  investigations  are  expected  to  lead  to  the  prepara 
tion  of  a  design  guide  report  for  predicting  the  overall  characteristics  of 
suppressor  concepts,  from  models  to  full  scale,  static  to  in-flight  condi¬ 
tions,  as  well  as  a  quantitative  and  qualitative  prediction  of  the  phenomena 
involved. 


The  work  effort  in  this  program  was  organized  under  the  following  major 
Tasks,  each  of  which  is  reported  in  a  separate  Final  Report: 


Task  1  -  Activation  of  Facilities  and  Validation  of  Source  Location 
Techniques. 

Task  2  -  Theoretical  Developments  and  Basic  Experiments. 

Task  3  -  Experimental  Investigation  of  Suppression  Principles. 

Task  4  -  Development  and  Evaluation  of  Techniques  for  "In  Flight" 
Investigation. 

Task  5  -  Investigation  of  "In  Flight"  Aero-Acoustic  Effects  on  Sup¬ 
pressed  Exhausts. 


Task  6  -  Preparation  of  Noise  Abatement  Nozzle  Design  Guide  Report. 


Task  l  was  an  investigative  and  survey  effort  designed  to  identify 
acoustic  facilities  and  test  methods  best  suited  to  jet  noise  studies.  Task 
2  was  a  theoretical  effort  complemented  by  theory  verification  experiments 
which  extended  across  the  entire  contract  period  of  performance. 


The  subject  of  the  present,  Task  3,  report  series  (FAA-RD-76-79  HI  - 
l,  H,  III,  and  IV)  was  formulated  as  a  substantial  part  of  the  contract 
effort  to  gather  various  test  data  on  a  wide  range  of  high  velocity  jet  noz 
zle  suppressors.  These  data,  together  with  supporting  theoretical  advances 
from  Task  2,  have  led  to  a  better  understanding  of  jet  noise  and  jet  noise 


ill 


suppression  mechanisms,  as  well  as  to  a  validation  of  scaling  methods.  Task 
3  helped  to  identify  several  "optimum"  nozzles  for  simulated  in-flight 
testing  under  Task  5,  and  to  provide  an  extensive,  high  quality  data  bank 
leading  to  formulation  of  methods  and  techniques  useful  for  designing  jet 
noise  suppressors  for  application  in  the  Task  6  design  guide  as  well  as  in 
future  studies. 

Task  4  was  similar  to  Task  1,  except  that  it  dealt  with  the  specific 
test  facility  requirements,  measurement  techniques,  and  analytical  methods 
necessary  to  evaluate  the  "in-flight"  noise  characteristics  of  simple  and 
complex  suppressor  nozzles.  This  effort  provided  the  capability  to  conduct 
the  "flight"  effects  test  program  of  Task  5. 
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1 . 0  SUMMARY 


The  High  Velocity  Jet  Noise  Source  Location  and  Reduction  Program  (Con¬ 
tract  D0T-0S-30034)  was  conceived  to  bring  analytical  and  experimental  know¬ 
ledge  to  bear  on  understanding  the  fundamentals  of  jet  noise  for  simple  and 
complex  suppressors. 

Task  3,  the  subject  of  this  report,  involved  the  experimental  investi¬ 
gation  of  suppression  principles,  including  developing  an  experimental  data 
base,  developing  a  better  understanding  of  jet  noise  suppression  principles, 
and  formulating  empirical  methods  for  the  acoustic  design  of  jet  noise  sup¬ 
pressors.  Acoustic  scaling  has  been  experimentally  demonstrated,  and  five 
"optimum"  nozzles  were  selected  for  anechoic,  free-jet  testing  in  Task  5. 


Volume  I  -  Verification  of  Suppression  Principles  and  Development  of 
Suppression  Prediction  Methods  -  Some  of  the  experimental  studies  (reported 
in  Volume  II)  involved  acquisition  of  detailed,  far-field,  acoustic  data  and 
of  aerodynamic  jet-flow-field  data  on  several  baseline  and  noise-abatement 
nozzles.  These  data  were  analyzed  and  used  to  validate  the  theoretical  jet 
noise  prediction  method  of  Task  2  (referred  to  as  M*G*B,  designating  the 
authors'  initials)  and  to  develop  and  validate  the  empirical  noise-prediction 
method  presented  herein  (referred  to  as  M*S,  designating  the  last  name  initi¬ 
als  of  the  authors).* 

The  Task  2  theoretical  studies  conclude  that  four  primary  mechanisms  in¬ 
fluence  jet  noise  suppression:  fluid  shielding,  convective  amplification, 
turbulent  mixing,  and  shock  noise.  A  series  of  seven  suppressor  configura¬ 
tions  (ranging  from  geometrically  simple  to  complex)  were  evaluated  in  Task  3 
to  establish  the  relative  importance  of  each  of  the  four  mechanisms.  Typical 
results  of  this  evaluation  of  noise  mechanisms  are  summarized  in  Figure  1-1 
in  terms  of  perceived  noise  level  (PNL)  directivity  for  a  conical  nozzle.  In 
general,  mechanical  suppressors  exhibit  a  significant  reduction  in  shock 
noise  relative  to  a  baseline  conical  nozzle,  reduce  the  effectiveness  of 
fluid  shielding  (increase  rather  than  suppress  noise),  reduce  the  effective¬ 
ness  of  convective  amplification  (reduce  noise),  and  produce  a  modest  reduc¬ 
tion  in  turbulent  mixing  noise.  The  largest  amount  of  shock  noise  reduction 
correlates  with  the  suppressor  which  has  the  smallest  characteristic  dimension. 
Fluid  shielding  decreases  because  suppressors  cause  the  mean  velocity  and 
temperature  of  the  jet  plume  to  decay  faster  than  the  conical  baseline.  A 
reduction  in  convection  Mach  number  (and  hence  in  convective  amplification) 
occurs  because  a  suppressor  plume  decays  very  rapidly.  Turbulent  mixing 
noise  is  reduced  through  alteration  of  Che  mixing  process  that  results  from 
segmenting  the  exhaust  jet. 

*The  task  3  empirical  (M*S)  method  was  initially  intended  for  nozzle 
geometries  which  could  not  be  modeled  in  the  purely  analytical  Task  2 
(M*G*B)  method  (a  multielement  nozzle  with  a  treated  ejector,  for 
example) . 
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Figure  1-1.  Evaluation  of  Noise  Mechanisms  for  a  Conical  Nozzle 


Aerodynamic  flow-field  measurements  (mean-velocity  profiles)  were  demon¬ 
strated  to  be  useful  in  verifying  the  flow-field  predictions  which  were  cal¬ 
culated  by  the  M*G*B  (theoretical)  noise-prediction  program.  Noise  source 
location  devices  such  as  the  Ellipsoidal  Mirror  (EM)  were  demonstrated  to  be 
less  useful  than  the  Laser  Velocimeter  (LV)  for  the  M*G*B  theory  verification 
studies  because  the  LV  provides  data  which  may  be  directly  compared  with 
predictions  made  using  the  M*G*B  program.  Axial  and  radial  mean-velocity 
profiles  are  typical  examples  of  such  comparisons. 

The  empirical  M*S  jet  noise  prediction  method  has  been  developed  to  pre¬ 
dict  the  static  acoustic  characteristics  of  multielement  suppressors  appli¬ 
cable  to  both  advanced  turbojets  and  variable-cycle  engines  (which  are  repre¬ 
sentative  of  power  plants  for  future  supersonic  cruise  aircraft).  The  effect 
of  external  flow  on  the  M*S  jet  noise  prediction  is  discussed  in  the  Task  6 
Design  Guide  Report.  Inputs  required  to  use  the  M*S  computational  procedure 
include:  element  type,  element  number,  suppressor  area  ratio  and  radius 
ratio,  chute-spoke  planform  and  cant  angle,  and  plug  diameter.  The  predic¬ 
tion  accuracy  is  estimated  to  be  ^3.3  Effective  Perceived  Noise  Decibels 
(EPNdB)  at  a  95/*  confidence  level.  Figure  1-2  illustrates  the  correlation 
between  measured  and  predicted  EPNLs  for  all  types  of  suppressors. 

The  merits  of  both  the  M*S  and  M*G*B  computational  techniques  can  be 
stated  as  follows.  The  empirical  (M*S)  jet  noise  prediction  method,  based  on 
correlations  of  scale-model  jet  data,  serves  as  a  useful  preliminary  design 
and  prediction  tool  for  selecting  the  basic  nozzle  type  (chute,  spoke,  multi¬ 
tube,  etc.)  and  primary  geometric  parameters  (element  number,  area  ratio, 
etc.)  for  a  given  application.  It  is  also  useful  in  evaluating  the  acoustic 
performance  of  a  given  suppressor  nozzle,  provided  the  nozzle  is  one  of  the 
types  from  which  the  correlation  was  derived.  Further,  the  method  is  useful 
for  doing  parametric  studies  since  the  computation  procedure  is  relatively 
simple  and  economical  of  both  computer  time  and  cost.  The  theoretical 
(M*G*B)  prediction  method,  on  the  other  hand,  is  more  suited  to  detailed  de¬ 
sign  and  analysis  of  a  suppressor  nozzle.  It  can  supply  detailed  information 
on  the  jet  plume  flow  development  as  well  as  the  far-field  acoustic  character¬ 
istics.  It  is  also  capable  of  evaluating  changes  in  nozzle  planform  shape, 
element  placement  and  spacing,  etc.  In  addition,  the  theoretical  prediction 
model  is  a  useful  diagnostic  tool,  capable  of  assessing  the  relative  roles  the 
various  mechanisms  play  in  the  noise  suppression  process,  and  can  also  serve 
as  a  source  location  analysis  tool. 


Volume  II  -  Parametric  Testing  and  Source  Measurements  -  A  parametric 
experimental  series  was  conducted  to  provide  finr-f ield  acoustic  data  on  47 
baseline  and  suppressor  nozzle  configurations  and  to  provide  aerodynamic 
nozzle  performance  on  18  of  the  configurations.  The  data  presented  in  this 
volume  were  taken  for  use  in  the  current  program  as  well  as  to  provide  an  ex¬ 
tensive,  high-quality,  data  base  for  future  studies,  llie  impact  of  varying 
the  area  ratio  and  velocity  ratio  of  dual-flow,  baseline  nozzle  configurations 
was  investigated,  and  the  importance  of  shock  noise  was  assessed.  The  impact 
of  varying  area  ratio  and  element  number  was  parametrically  studied  for  both 
single  and  dual-flow  suppressors;  core  plug  geometry,  velocity  ratio,  and 


Measured  KPJSL  Relative  to  Reference,  M.  EPNdB 


•  Flyover  calculation  using  static  data  corrected  to  free-field  conditions. 


•  The  Reference"  level  is  the  predicted  value  of  noise  for  each  nozzle, 
at  a  specified  set  of  thermodynamic  conditions,  plus  an  arbitrary 
value  of  100  dB. 


Figure  1-2.  Correlation  Between  Measured  and  Predicted  Effective  Perceived 
Noise  Level,  BPNL,  for  all  Types  of  Suppressor  Nozzles. 


weight  flow  ratio  were  evaluated  for  dual-flow  suppressors.  These  studies 
establish  absolute  static  suppression  levels  on  the  basis  of  normalized  maxi¬ 
mum  PNL,  for  several  families  of  suppressor  nozzles,  as  illustrated  in  Fig¬ 
ure  1-3. 

Parametric  testing  identified  the  following  primary  trends  for  single¬ 
flow  and  for  dual-flow  suppressors  during  static  operation: 

Single  Flow 

•  Suppression  increases  with  increasing  area  ratio  at  high  jet 
velocity. 

•  Suppression  decreases  with  increasing  area  ratio  at  low  jet 
velocity. 

•  Suppression  level  is  affected  by  element  type  (spoke  systems 
suppress  slightly  better  than  chutes). 

Dual  Flow 

•  Suppression  increases  with  increasing  » rea  ratio. 

•  Suppression  increases  with  increasing  element  number  at 
high  jet  velocity. 

•  Suppression  level  is  affected  by  core  plug  geometry  (by  2 
to  3  decibels  (dli)  ] . 

•  Suppression  increases  3  to  4  dll  when  a  treated  ejector  is 
added  to  a  suppressor  configuration. 

Selective,  free-jet  tests  conducted  on  eight  configurations  indicate 
that  suppression  generally  decreases  in  flight.  Typical  static  versus  free- 
jet  results  are  shown  in  Table  l-l. 

The  aerodynamic  performance  test  data  recorded  on  18  of  the  configurations 
at  both  static  and  wind-on  conditions  ate  also  Included  in  this  volume,  base 
pressure  measurements  were  taken  on  several  of  the  models  in  order  to  deter¬ 
mine  base  drag  (which  is  thought  to  be  responsible  for  the  poor  aerodynamic 
performance  of  most  mechanical  suppressors  in  flight).  These  wind  tunnel 
tests  identified  the  following  primary  trends  in  aerodynamic  performance: 

•  Performance  decreases  with  increasing  element  number. 

•  Performance  increases  with  increasing  chute  depth. 

•  Performance  increases  with  increasing  ratio  of  inner  flow  area 
Co  outer  flow  area. 


Table  1-1.  Typical  Summary  of  Nozzle  Static  and  Projected 
Flight  Peak  PNL  Suppression  Characteristics. 


e  S--opression  Levels  are  Relative  to  a  Conical 
Nozzle  at  Equivalent  Flight  Conditions 

•  Vj  =  2500  ft/sec 

Suppression  Level,  db 


Configuration 

Static 

Flight 

Plug  Nozzle  -  0.789  Radius  Ratio 

1.3 

3.0 

Plug  Nozzle  -  0.85  Radius  Ratio 

2.3 

3.7 

8-Lobe  Nozzle 

5.6 

5.6 

AR  =  2.5  36-Chute  Nozzle 

13.5 

10.9 

AR  «  2.5  36-Chute  Nozzle  with  Auxiliary 
Flow 

12.5 

9.4 

104-  Tube  Nozzle 

12.0 

12.0 
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•  Performance  is  affected  by  element  type  (chutes  perform  better 
than  spokes  because  spokes  have  higher  base  drag). 

The  base  pressure  correlations  provide  a  procedure  for  predicting  sup¬ 
pressor  nozzle  aerodynamic  performance. 


Volume  III  -  Suppressor  Concepts  Optimization  -  Several  studies  were  con¬ 
ducted  to  attempt  an  optimization  of  suppressor  concepts.  The  end  product  of 
this  overall  effort  was  to  design  five  nozzles  for  static  and  free-jet  testing 
in  Task  5.  Trade  studies  of  performance  versus  suppression,  aircraft  inte¬ 
gration  studies,  and  development  of  a  figure  of  merit  method  of  analysis  all 
make  up  the  activities  in  this  "optimization"  process. 

Trade  studies  of  suppression  versus  aerodynamic  performance  indicate  that 
a  properly  selected  and  designed  mechanical  suppressor  can  attain  a  delta 
suppression  to  delta  thrust  coefficient  ratio  (aPNL/aC£  )  of  almost  3.0 
(based  on  static  suppression  and  wind-on  aerodynamic  performance). 

The  aircraft  integration  study  consisted  of  ranking  nine  baseline  and 
suppressor  nozzles  with  respect  to  performance  level,  suppression  level, 
weight,  impact  on  aircraft  mission  range,  and  noise  footprint.  In  general, 
suppression  level  was  found  to  be  the  most  important  design  variable,  with 
performance  and  weight  ranking  second  and  thira,  respectively. 

The  appropriate  figure  of  merit,  considering  all  the  design  variables, 
was  found  to  be  aircraft  range,  however,  use  of  range  as  the  figure  of  merit 
requires  that  the  aircraft  mission  be  specified,  and  several  techniques  for 
cursorily  ranking  the  suppressors  based  solely  on  suppression  level,  perfor¬ 
mance,  and  weight  may  also  ve  identified.  A  summary  of  the  range  versus  noise 
characteristics  of  typical  nozzle  configurations  is  presented  in  Figure  1-4. 
One-"*  a  noise  goal  is  specified,  adding  a  suppressor  provides  a  significant 
range  improvement  over  an  unsuppressed  system  because  adding  a  suppressor  is 
less  costly  than  reducing  noise  by  enlarging  the  engine  to  reduea  jet  velocity. 

The  design  of  the  five  optimum  nozzles  was  based  on  data  from  previous 
studies,  performed  by  government  and  industry,  on  the  and  M*S  models 

discussed  above  and  on  the  parametric  data  obtained  in  Che  acoustic  and  aero¬ 
dynamic  performance  test  series  reported  in  Volume  II.  The  e.onf  iRurat  ions  were 
designed  and  fabricated  for  open-throat,  anechoic,  free-jet  testing  in  Task  5. 
The  configurations  chosen  for  evaluation  were:  (1)  a  32-chute,  single-flow 
nozzle;  (2)  a  40-shal low-chute,  dual-flow  nozzle;  (3  and  4)  a  36-chute,  dual¬ 
flow  nozzle,  with  and  without  a  treated  ejector;  and  (5)  a  54-eleoent,  co- 
planar-mixor ,  plug  nozzle, 

Demonstration  of  acoustic  scaling  for  several  suppressor  configurations 
was  connected  to  assure  the  adequacy  of  using  scale-model  results  to  project 
full-scale  Suppression  levels.  Full-scale  data  were  obtained  on  several  sup¬ 
pressor  configurations  using  J?9  and  J83  engines.  The  suppressors  evaluated 
were:  (1)  a  baseline  conical  nozzle,  (2)  a  32-chute  nozzle  with  and  without 


Figure  1-4.  Summary  of  Range  and  Noise  Characteristics  for  Several 
Baseline  and  Suppressor  Nozzles. 


a  treated  ejector,  (3)  an  8-lobe  nozzle,  and  (4)  a  104-tube  nozzle.  Scale- 
model  data  were  obtained  for  these  same  configurations  to  allow  comparison  of 
scale-model  and  full-scale  results.  In  general,  peak  full-scale  suppression 
levels  projected  from  scale-model  data  were  verified  by  the  full-scale  engine 
results.  Directivity  patterns  were  duplicated  within  +2  PNdB  (the  largest 
differences  occurring  with  the  conical  nozzle  configuration).  Some  spectral 
anomalies  were  observed  for  select  cases;  however,  they  were  not  of  suffici¬ 
ent  magnitude  to  invalidate  the  scale-model  results.  The  conclusion  re¬ 
sulting  from  this  study  is  that  full-scale  noise  levels  can  be  predicted  from 
scale-model  test  results  using  Strouhal  scaling  laws. 


Volume  IV  -  Laser  Velocimeter  Time  Dependent  Cross  Correlation  Measure¬ 
ments  -  In-jet/in-jet  and  in-jet/far-f ield  exhaust  noise  diagnostic  measure- 
ments  conducted  using  a  Laser  Velocimeter  (LV)  are  reported  in  this  volume. 
Measurements  were  performed  on  a  conical  nozzle  and  a  coannular  plug  nozzle. 
Two-point,  space/time  measurements  using  a  two-LV  system  were  completed  for 
the  conical  nozzle.  Measurements  of  mean  velocity,  turbulent  velocity,  eddy 
convection  speed,  and  turbulent  length  scale  were  made  for  a  subsonic  ambient 
jet  and  for  a  sonic  heated  jet.  For  the  coannular  plug  nozzle,  a  similar 
series  of  two-point,  laser-correlation  measurements  were  performed.  In  addi¬ 
tion,  cross  correlations  between  the  laser  axial  component  of  turbulence  and 
a  far-field  acoustic  microphone  were  performed. 

Volumes  I,  II,  III,  and  IV  contain  the  results  of  a  comprehensive  effort 
to  identify  and  integrate  the  theoretical  studies,  parametric  test  data, 
acoustic  and  performance  diagnostic  measurements,  and  system  studies.  A 
logical  procedure  has  evolved  for  conducting  suppressor  design  trade-offs. 


) 
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2.0  INTRODUCTION 


The  first  20  years  of  commercial  aircraft  operation  with  jet  propulsion 
have  clearly  demonstrated  the  need  for  effective  high  velocity  jet  noise 
suppression  technology  in  order  to  meet  community  acceptance.  Aircraft 
system  studies  show  that  an  efficient  jet  noise  suppression  device  is  required^ 
if  a  commercial  supersonic  aircraft  is  to  be  economically  viable  as  well  as 
environmentally  acceptable.  The  current  state  of  the  art  of  high  velocity 
jet  noise  suppression  would  make  a  supersonic  transport  (SST),  with  advanced 
technology  engines,  meet  1969  noise  rules  (at  best).  This  state  of  the  art 
is  represented  by  the  material  in  References  1  through  6. 

Reference  1  describes  analytical  and  experimental  investigations  which 
were  conducted  in  the  early  1960's.  This  study  established  a  basis  for 
development  of  mathematical  and  empirical  methods  for  the  predictions  of  jet- 
flow-field,  aerodynamic  characteristics  and  for  determining  the  directional 
characteristics  of  jet  noise  suppressors.  This  work  was  limited  in  the  sense 
that  the  suppressors  evaluated  had  only  modest  suppression  potential,  and  the 
measurement  techniques  available  did  not  allow  the  acquisition  of  high- 
frequency,  spectral  data  necessary  to  establish  full-scale,  PNL  suppression 
levels. 

The  development  of  commercial  SST  vehicles  by  the  U.S.  and  by  the  British- 
French  multinational  corporation  in  the  1960 's  placed  extreme  emphasis  on  the 
need  for  effective  and  efficient  noise  suppression  devices.  Phase  I  of  work, 
conducted  by  the  Boeing  and  General  Electric  companies,  is  summarized  in 
References  2  and  3.  Primary  emphasis  was  on  jet  noise  suppressor  development 
through  model  and  engine  testing  applicable  to  an  afterburning  turbojet 
engine.  Suppressor  designs  were  based  primarily  on  empirical  methods.  Phase 
II  of  this  effort,  References  4  and  5,  continued  the  suppressor  development 
with  a  stronger  emphasis  placed  on  the  Integration  of  analytical  studies  and 
experimental  test  data.  Specifically,  the  Boeing  Company  concentrated  on 
optimization  of  tube-type-suppressor  systems  and  related  aemiempirical  pre¬ 
diction  methods.  General  Electric  focused  on  the  development  both  of  chute 
and  of  tube-type-suppressor  systems  with  primary  emphasis  placed  on  optimiza¬ 
tion  of  chute-type-suppressor  nozzles. 

Similar  studies  were  conducted  by  the  British  and  French  in  development 
of  the  Concorde,  and  typical  results  are  summarized  in  Reference  6. 

The  design  technology  represented  in  References  1  through  6  is  primarily 
aemiempirical.  The  absence  of  general  design  rules  based  on  engineering 
principles  led  to  the  Government's  formulation  of  the  High  Velocity  Jet  Noise 
Program,  Contract  DOT-OS-30O34,  in  1973.  The  purpose  has  been  to  achieve 
fundamental  understanding,  on  a  quantitative  basis,  of  the  mechanisms  of  jet 
noise  generation  and  suppression  and  to  develop  design  methods. 

This  report  presents  the  results  of  Task  3  of  the  contract.  It  provides 
the  experimental  data  base  which  was  used  in  conjunction  with  the  supporting 
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theories  from  Task  2  to  develop  a  better  understanding  of  jet  noise  and  jet 
noise  suppression. 

The  report  is  organized  into  four  volumes  (FAA-RD-76-79 ,  III  -  I,  II, 

III,  IV)  and  is  presented  in  a  format  consistent  with  the  Task  3  work  plan 
divison  of  subtasks.  Volume  I,  under  this  cover,  is  entitled  "Verification 
of  Suppression  Principles  and  Development  of  Suppression  Prediction  Methods. " 
Volume  II  is  a  data  report  entitled  "Parametric  Testing  and  Source  Measure¬ 
ments,"  and  Volume  III  is  an  analysis  report  entitled  "Suppressor  Concepts 
Optimization."  Volume  IV  is  an  analysis  report  entitled  "Laser  Velocimeter 
Time  Dependent  Cross  Correlation  Measurement." 

Volume  I  uses  the  data  base  (Volume  II)  and  the  Task  2  theoretical  model 
(Reference  7)  to  postulate  the  suppression  mechanisms.  Volume  I  also  pre¬ 
sents  an  independent,  empirical,  static  jet-noise-prediction  method  which 
was  developed  from  engineering  correlations  of  the  test  data.  Volume  II 
presents  the  data  and  results  of  the  parametric  acoustic  tests,  the  aero¬ 
dynamic  performance  tests,  and  the  Laser  Velocimeter  tests.  Volume  III  pre¬ 
sents  the  results  of  a  trade  study  of  performance  versus  suppression,  an  air¬ 
craft  integration  study,  a  "figure  of  merit"  methodology,  and  a  summary  of 
the  five  "optimum"  nozzles  selected  for  testing  in  Task  5.  An  acoustic¬ 
scaling  investigation  was  conducted  to  support  the  suppressor  concepts  opti¬ 
mization  activities  and  is  presented  as  an  appendix  to  Volume  III.  Volume  IV 
presents  the  results  of  the  in-jet/in-jet  and  in-jet/far-f ield  cross  correla¬ 
tion  investigations. 

The  work  reported  in  the  present  volume  represents  two  approaches  to 
verifying  suppression  principles.  One  approach  (Section  3.0)  is  to  correlate 
the  data  from  this  and  other  programs  in  order  to  develop  a  comprehensive, 
empirical,  jet-noise-prediction  method  (subsequently  referred  to  as  the  M*S 
method,  designating  the  last  name  initials  of  the  two  authors).  The  second 
approach  (Section  4.0)  is  to  use  actual  data  to  verify  the  theoretical 
suppression  principles  developed  in  Task  2  and  included  in  the  theoretical 
jet  noise  prediction  method  developed  in  Task  2  (subsequently  referred  to  as 
the  M*G*B  method,  designating  the  last  name  initial  of  each  of  the  three 
authors).  Appendix  A  is  a  user’s  guide  describing  the  mechanics  of  using 
the  M*S  prediction  computer  program. 
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3.0  ENGINEERING  CORRELATION  (M*S)  JET  NOISE  PREDICTION  METHOD 


A  comprehensive,  empirical,  jet-noise-prediction  method  has  been  de¬ 
veloped  by  correlating  extensive  data  from  this  program  and  available  data 
from  other  published  sources.  This  engineering  correlation  prediction  model 
has  been  designated  as  the  M*S  model  (after  the  authors:  Motsinger  and 
Sieckman)  for  ease  of  reference,  as  well  as  to  distinguish  it  from  the  more 
theoretical  prediction  model  (M*G*B)  developed  in  Task  2  (Reference  7). 

The  data  were  correlated  by  means  of  basic  engineering  principles  and 
physical  parameters.  The  resulting  M*S  prediction  method  includes  unsup¬ 
pressed  conical  nozzles;  multitube  and  multichute,  single-  and  dual-flow, 
suppressed  nozzles;  and  multitube/chute  nozzles  with  hard-wall  and  treated 
ejectors.  In  each  case  the  predicted  noise  based  upon  the  engineering  corre¬ 
lation  is  compared  with  the  measured  noise. 

The  correlation  for  conical  and  multielement-suppressor  nozzles  has  been 
programmed  (in  Fortran  Y  language)  and  a  description  of  content  and  procedure 
for  use  is  included  in  Appendix  A  of  this  report  volume. 


3.i  GENERAL  DESCRIPTION  OF  THE  ENGINEERING  CORRELATION  METHOD 

The  basic  reasoning  and  concepts  involved  in  the  correlation  method  are 
as  follows: 

•  The  characteristics  of  jet  noise  (overall  level,  spectral  distribu¬ 
tion,  and  directivity)  are  established  by  the  empirical  correlation 
for  conical  nozzles. 

•  Multielement  nozzles  are  assemblies  of  conical  nozzle  sources  from 
which  the  air  flows  in  discrete  elements.  These  elements  coalesce, 
or  merge  together,  as  each  jet  plume  expands. 

•  The  premerged  and  postmerged  regions  ape  separate  sources  of  noise 
generation,  each  of  which  can  be  treated  as  a  simple  or  "equiv¬ 
alent"  conical  noise  source. 

•  The  shape  of  the  nozzle  element  (whether  a  tube,  spoke,  chute,  or 
other  such  device  for  dividing  the  flow  at  the  nozzle  exit  into 
many  discrete  elements)  affects  the  character  of  the  noise  only  at 
frequencies  with  wave  lengths  comparable  to  or  smaller  than  the 
principal  dimension  of  the  element. 

•  The  premerged  noise  detected  in  the  far  field  is  affected  by  the 
path  each  acoustic  ray  must  take  in  radiating  from  the  source  to 
the  observer,  particularly  with  regard  to  whether  it  must  pass 
through  other  elements  of  jets  issuing  from  the  nozzle.  Specifi¬ 
cally,  multielement  nozzles  radiate  only  part  of  the  noise  actually 
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generated  in  the  premerged  region  to  the  observer.  The  balance  is 
shielded  or  absorbed  by  the  turbulent  mixing  zones  of  adjacent  jets. 
The  data  show  that  this  effect  is  dependent  upon  (and  the  engineer¬ 
ing  correlation  includes)  the  effects  of  far-field  angle  (relative 
to  the  refract  ion' crit ical  angle),  area  ratio  of  the  multielement 
nozzle,  and  size  of  the  interfering  jet  relative  to  the  wavelength 
of  the  radiated  noise. 

•  The  postmerged  noise  is  determined  by  the  use  of  a  mean  velocity,  a 
temperature,  and  a  density  (each  estimated  from  fundamental  fluid  dy¬ 
namics)  as  if  the  merged  jet  were  from  a  conical  nozzle  having  such 
flow  conditions  at  the  nozzle  discharge  plane. 

•  The  effect  upon  noise  of  a  shroud  surrounding  the  premerged  mixing 
zone  of  a  multielement  suppressor  can  be  correlated  empirically, 
assuming  the  same  thermodynamic  conditions  for  the  fully  expanded 
jet  as  if  the  shroud  were  not  in  place.  The  effect  of  adding  point¬ 
reacting,  acoustic  treatment  in  the  shroud  can  be  predicted  from 
basic  engineering  principles  using  "ray"  acoustics. 

This  method  is  in  contrast  to  the  purely  empirical  method  which  consists 
of  the  curve-fitting  of  normalized  data. 

In  order  to  establish  the  applicability  and  validity  of  this  reasoning 
process  and  these  concepts,  the  prediction  model  was  first  postulated,  and 
the  resulting,  calculated,  far-field  noise  levels  were  compared  with  measured 
data  in  one-third-octave  band  detail  over  a  range  of  far-field  angles.  This 
was  done  iteratively,  with  initial  emphasis  on  the  multitube  nozzle,  until 
the  detailed  formulation  was  evolved  which  provided  satisfactory  correlation 
for  all  the  observed  spectral  and  directional  characteristics  of  the  noise. 

The  fullest  possible  range  of  variables  as  provided  by  the  data  was  used. 

The  basic  formulations  as  established  from  the  multitube  correlation  were 
then  modified,  as  found  appropriate  from  other  basic  supporting  data,  in  order 
to  extend  the  correlation  to  other  nozzle  types.  This  is  described  in  the 
following  sections:  the  final  results  of  the  engineering  correlation  for  each 
nozzle,  a  summary  of  the  data  base  supporting  the  correlation,  and  a  comparison 
of  predicted  and  measured  peak  PNL  and  EPNL  for  a  calculated,  level  flyover 
assuming  no  effects  of  flight  (e.g.,  relative  velocity)  on  the  noise  generation 
or  radiation.  The  effect  of  flight  and  the  subsequent  modification  of  the 
M*S  jot  noise  prediction  technique  are  treated  in  detail  in  the  Task  6  Design 
Guido  report. 


3 . 2  ORGANIZATION  AND  PROCEDURE 

The  following  paragraphs  summarize  and  discuss  the  types  of  nozzles  in¬ 
cluded  in  the  correlation,  the  range  of  variables  for  which  the  correlation 
is  applicable,  principal  factors  or  concepts  included  for  each  suppressor 
type,  and  the  data  base  used  to  develop  the  correlation. 


14 


3.2.1  Types  of  Nozzles 


The  types  of  nozzles  for  which  the  M*S  computer  program  in  Appendix  A 
can  be  applied,  and  for  which  the  correlation  has  been  checked  against  mea¬ 
sured  data  in  this  report,  are  summarized  in  Figure  3-1.  Coannular  plug  noz¬ 
zles  with  inverted  veloctiy  profiles  are  not  handled  by  the  M*S  program  since 
this  is  currently  being  done  under  NASA  Contract  NAS3-20619.  In  each  suppres¬ 
sor  case,  an  ejector  shroud  option  can  be  included.  It  should  be  noted  that 
the  ranges  for  nozzle  pressure  ratio  and  total  temperature  are  interdependent 
in  that  they  generally  both  increase  or  decrease  together  as  on  the  operating 
line  of  a  turbojet  engine;  the  data  base  for  the  correlation  is  generally 
consistent  with  operating  conditions  expected  for  typical  engines. 


Summary  descriptions  are  given  in  the  following  paragraphs  of  the  nozzle 
design  parameters  for  which  the  correlation  applies;  a  listing  is  included  of 
the  range  of  variables  for  which  the  predicted  noise  has  been  checked  against 
data  to  establish  the  statistical  confidence  limits.  The  ranges  on  velocity 
and  temperature  are  set  by  the  SAE  correlation  (see  Section  3.3.2).  Extra¬ 
polations  of  the  temperature  effects  are  possible,  but  extrapolations  of  ve¬ 
locity  should  be  avoided  because  polynominal  curve  fits  are  used  which  are 
subject  to  error  outside  of  the  indicated  range.  Pressure  ratio  is  limited 
only  by  the  data  base  used  to  check  the  shock-cell  noise  correlation.  The 
limit  on  diameter  is  set  only  to  keep  the  maximum  noise  frequencies  within 
the  50  Hz  to  10  kHz  range  for  meaningful  PNL  determination.  The  M*S  model 
may  also  be  utilized  to  predict  scale  model  jet  noise  spectra  by  simply  exer¬ 
cising  it  at  its  lower  diameter  limit  (i.e.,  D>  0.8  ft).  The  output  thus 
obtained  can  be  put  into  any  scaling  routine  (separate  from  the  M*S  model) 
to  scale  down  the  data  to  model  size.  If  PNL  is  not  required,  and  the  com¬ 
puter  program  in  Appendix  A  is  modified  to  calculate  higher  frequencies,  the 
diameter  limits  can  be  extended.  Guides  for  good  design  practice  when  de¬ 
partures  from  other  limitations  in  the  M*S  method  are  made  (such  as  non- 
coplanar  tube  ends)  are  given  in  the  Task  6  Design  Guide. 


Conical  Nozzle  -  The  correlation  includes  both  converging  and  converging- 
diverging  (design  point  only)  nozzles  in  the  sense  that  a  prediction  of  mixing 
noise,  alone,  plus  a  separate  prediction  of  shock  noise  are  included. 

The  range  of  applicability  of  both  the  jet-mixing  and  the  shock-cell 
noise  correlations  are: 


Jet  Velocity,  Vj(ft/sec)  400  <  Vj  <  2860 

Jet  Total  Temperature,  Tj  (*  R)  519  <  Tj  <  2100 

Nozzle  Pressure  Ratio  1.0  <  P-^/Pq  <  4.0 

Nozzle  Diameter,  D  (ft)  0.8  <  D 
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conloal 


Multitube 


Multichute  or 
Multi  spoke 


Multitube, 
Dual  Flow 


Multichute  or 
Multispoke, 
Dual  Flow 


e  3-1.  Nozzle  Typos  Includod  in  the  Correlation. 
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Multitube,  Single-Flow  Nozzle  -  The  multitube,  single-flow  nozzle  corre¬ 
lation  includes  nozzles  with  an  arbitrary  number  of  tubes  having  simple  con¬ 
verging  ends,  coplanar  termination,  all  tubes  parallel  (except  the  outer  row 
can  be  canted  relative  to  the  axis),  uniform  center-to-center  spacing  of 
tubes  in  a  hexagonal  array,  and  the  option  of  a  centerbody  plug. 

The  ranges  of  the  variables  specifically  associated  with  the  multitube 
nozzles  which  were  correlated  (in  addition  to  the  variables  listed  under  the 
conical  nozzle)  are: 


Suppressor  Area  Ratio,  AR 

Number  of  Elements,  N 

Suppressor  Radius  Ratio,  Rr 

Cant  Angle  of  Outer  Row  Tubes, 
g  (degrees) 


2.0  <  AR  <  8.0 
7  <  N  <  253 
0  <  Rr  <  0.75 


0  <  e  <  5 


Multichute  or  Spoke,  Single-Flow  Nozzle  -  This  correlation  includes  both 
chutes  and  spokes  without  discrimination.  It  was  evolved  based  on  the  more 
complex  planforra  variations  of  chute  configurations  and  was  found  to  apply 
equally  well  to  spokes.  The  planform  of  nozzle  elements  may  be  trapezoidal 
(not  limited  to  radial  lines);  the  termination  can  be  canted,  and  a  center- 
body  plug  is  included. 


The  ranges  of  variables  specifically  correlated  with  the  data  (in  addi¬ 
tion  to  the  variables  listed  under  the  conical  nozzle)  are: 


Suppressor  Area  Ratio 


1.5  <  AR  <  2.5 


Number  of  Elements 


24  <  N  <  64 


Suppressor  Radius  Ratio  0  <  Rr  <  0.783 

Exit  Cant  Angle  (degrees)  -10  <  0  <  15 

Coannular-Flow,  Multielement  Suppressor  on  Outer  Stream  -  In  this  case, 
the  multielement  nozzle  is  applied  to  the  outer  stream  of  a  coannular  exhaust. 
The  velocity  of  the  outer  steam  may  be  selected  to  be  higher  or  lower  than 
the  inner  stream  (although  the  case  of  primary  practical  interest  is  for  the 
highest  velocity  stream  to  have  the  suppressor).  The  same  conditions  apply 
in  this  case  as  for  the  single-flow,  multielement  nozzles  (tubes  with  con¬ 
verging  ends,  coplanar  termination,  etc.). 


The  ranges  of  variables  specifically  correlated  with  the  data  for  dual- 
flow  nozzles  with  multichute/spoke  suppressors  on  the  outer  stream  (in  addi¬ 
tion  to  the  variables  listed  under  the  conical  nozzle)  are: 
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Suppressor  Area  Ratio 
Number  of  Elements 
Suppressor  Radius  Ratio 
Exit  Cant  Angle  (degrees) 


1.5  <  AR  <  3.0 
20  <  N  <  40 
0.653  <  Rr  <  0.783 

e  »  o 


A  comparison  of  predicted  and  measured  data  was  made  for  a  multitube  suppres¬ 
sor  on  the  outer  stream  of  a  dual-flow  nozzle.  This  nozzle,  the  velocity 
ratios,  and  the  outer-to-inner  flow-area  ratios  are  defined  and  discussed  in 
Section  3. 3. 5.1. 


Multielement  Nozzle  with  Ejector  -  Hard-wall  or  treated  ejectors  with 
single-  or  dual-flow,  multielement  suppressors  are  also  included.  The  hard- 
wall  ejector  correlation  is  derived  on  a  purely  empirical  basis,  but  the 
effect  of  adding  treatment  is  predicted  by  means  of  the  engineering  correla¬ 
tion  of  the  basic  data.  Thus  the  treatment  for  which  the  check  against  mea¬ 
sured  data  was  made  (the  single-layer  liner  with  honeycomb  separating  the 
solid  backplate  and  perforated  faceplate,  single  degree  of  freedom,  SD0F)  may 
be  extrapolated  to  other  types  of  point-reacting  treatment  provided  the  resis¬ 
tance  and  reactance  are  specified  for  the  desired  frequencies. 

The  range  of  variables  for  which  the  correlation  was  established  (in 
addition  to  those  for  the  conical  nozzle  and  multielement  suppressors)  are: 


Area  Ratio  of  Ejector  Relative 
to  Area  Ratio  of  Nozzle 


1.97 


Ratio  of  Hard-Wall  Ejector  Length  to  0  <  Ljj/Deq  <  4.0 

Equivalent  Conical  Nozzle  Diameter 

Ratio  of  Treated  Ejector  Length  to  0  <  L?/Deq  <2.0 

Equivalent  Conical  Nozzle  Diameter 


Ratio  of  Ejector  Inside  Diameter  to  1.0  <  Pej/Dn  <  1.28 

Nozzle  Element  Envelope  Diameter 


3.2.2  Development  of  the  Prediction  Method  for  Multielement  Jet  Noise 
Suppressor 

In  order  to  establish  a  prediction  of  jet  noise  radiated  from  multiple 
element  nozzles  by  the  engineering  correlation  method,  the  following  quanti¬ 
tative  information  is  required: 
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•  Basic  jet  noise  radiated  by  a  simple,  conical  nozzle  in  terms  of 

the  sound  pressure  level  in  each  frequency  band  of  interest 

•  Premerged  Noise  Prediction: 

-  Amount  of  noise  radiated  locally  along  the  length  of  the  jet  for 
each  frequency  band  of  interest 

-  Distance  downstream  from  the  nozzle  discharge  plane  at  which  the 
flows  from  adjacent  elements  merge  sufficiently  to  preclude  any 
further  high-frequency  noise  generation 

-  Effective  number  of  elements  which  radiate  sound  to  the  far  field 

•  Merged  Jet  Prediction: 

-  Flow  area,  velocity,  and  density  of  the  merged  jet  when  the  flow 
from  each  of  the  individual  elements  coalesces 

This  information  is  then  used  in  the  basic  procedure  described  for  the  appro¬ 
priate  nozzle  type  in  Section  3.3.  Discussion  of  the  sources  and  the  develop¬ 
ment  of  this  information  as  it  is  used  in  the  prediction  program  is  summarized 
in  the  following  paragraphs. 


3. 2. 2.1  Basic  Jet  Noise 

Basic  jet  noise  radiated  from  a  simple,  conical  nozzle  is  determined  by 
empirical  correlation  of  measured  data.  Details  of  the  method  and  discussion 
are  included  in  Section  3.3.2. 


3. 2. 2. 2  Premetged  Noise  Prediction 

(a)  Noise  Radiation  locally  Along  the  Length  of  the  Jet 

The  radiated  noise  is  established  from  measured  data  for:  (1)  the  ax¬ 
ial  location  of  the  peak  noise  level  in  each  one-third-octave  band  and  then 
(2)  the  axial  distribution  of  the  noise  level  for  each  one-third -octave  band. 
The  following  development  is  given  for  multitube  suppressors;  it  is  also  used 
for  mult vehute/spoke  suppressors  by  establishing  the  equivalent  diameter  of 
the  flow  passage  (discussed  in  Section  3.3). 

Axial  Location  of  Peak  Noise  -  For  subsonic  jets  from  conical  nozzles, 
Leo,  et  al. ,  (Reference  lV  showed  the  axial  location  of  the  peak  noise  radi¬ 
ation  is  well  correlated  by  a  Strouhal  number  and  the  distance  from  the  noz¬ 
zle  exit  according  to: 


fD/V  -  (1.25  X/D)"i • 22 


(3-1) 
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Tli is  relation  was  previously  developed  empirically  by  Howes,  et  al.  (Refer¬ 
ence  8). 

Potter  and  Jones  (Reference  9)  clearly  show  that  this  relationship  does 
not  hold  for  supersonic  jets,  (as  does  Reference  10).  Examples  of  data  for 
various  supersonic  Mach  numbers  are  compared  in  Figure  3-2,  with  the  rela¬ 
tionship  defined  in  Equation  3-1,  above.  The  noise  from  supersonic  jets  is 
radiated  further  downstream  than  for  subsonic  jets.  The  higher  the  Mach 
number,  the  further  downstream  the  peak  noise  radiation  occurs.  Also,  the 
peaks  of  the  highest  frequencies  are  radiated  only  after  a  certain  distance 
downstream;  this  contrasts  with  subsonic  nozsles  for  which  the  highest  fre¬ 
quency  occurs  in  the  immediate  vicinity  of  the  nozzle  exit. 

The  Strouhal  number  (for  peak  noise)  rises  asymptotically  versus  X/D 
such  that  there  is  a  minimum  X/D  at  which  the  peak  Strouhal  number  oc  urs. 

The  asymptote  is  a  function  of  Mach  number.  If  this  asymptote  is  used  as  the 
start  of  the  peak  noise  radiation  (rather  than  the  nozzle  discharge  plane  as 
used  for  subsonic  jets)  the  data  as  given  in  Figure  3-2  collapse,  as  shown  in 
Figure  3-3,  on  a  line  defined  by: 


fD/V  »  (1.25  (X  -  Xp)/D}-l-22 


(3-2) 


where  Xp  *  location  of  beginning  of  peak  noise  radiation. 

This  equation  is  the  same  as  developed  for  subsonic  jets  (Equation  3-1) 
except  for  the  change  in  the  location  at  which  peak  noise  radiation  begins. 
The  data  of  Reference  9  follow  a  slightly  shallower  slope,  as  indicated  by 
the  second  line  in  Figure  3-3.  In  the  present  analysis  for  multielement  sup¬ 
pressors,  the  low-frequency  end  of  the  spectrum  is  dominated  by  the  merged 
flow  so  that  the  axial  location  of  the  low-frequency  source  is  not  a  factor. 
Hence,  it  :‘s  not  necessary  to  make  a  judgment  whether  the  data  in  Reference 
9  or  10  are  more  appropriate,  nevertheless,  it  is  probably  significant  that 
the  data  from  Reference  10  follow  the  same  curve  as  the  subsonic  jet  when  the 
proper  starting  point  for  noise  reduction  is  used.  For  this  reason  the  cor¬ 
relation  given  by  Equation  3-2  is  adopted. 

It  is  necessary  to  determine  the  location  of  the  beginning  of  peak  noise 
radiation  (X«);  once  this  is  determined,  the  peak  noise  location  for  all 
other  one-tin rd-octave  bands  is  determined  by  Equation  3-2.  Data  for  mea¬ 
sured  locations  of  the  beginning  of  peak  noise  radiation  arc  used  to  estab¬ 
lish  a  relationship  for  ss  a  function  of  jet  exit  Kach  number  in  Figure 
3-4.  The  line  giving  the  best  fit  is: 


X^/D  «■  6  a0'778151 


(3-3) 
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Figure  3-3.  Generalized  Axial  Location  of  Peak  Strouhal  Number  for  Super 
sonic.  Circular  Jets. 


Figure  3-4.  Beginning  of  Peak  Noise  Generation  (Xp/D)  for  Convergent  and 
Convergent/Divergent,  Round  Nozzles. 


where 


3  =  /M^T 


Axial  Distribution  of  Noise  -  The  axial  distribution  of  noise  radiated 
to  the  far  field  is  given  in  Reference  10  not  only  for  a  round,  converging 
nozzle  but  also  for  a  37-tube,  suppressor  nozzle  as  shown  in  Figures  3-5  and 
3-6,  respectively.  In  both  figures,  the  data  are  presented  in  terms  of  one- 
third-octave  band  SPL  per  unit  X/D  versus  the  axial  distance  downstream.  It 
is  possible  to  normalize  the  data  with  remarkably  good  data  collapse  as  shown 
on  the  figures.  The  normalization  is  accomplished  for  each  one-third-octave 
band  by  picking  the  X/D  at  which  the  peak  noise  occurs,  determining  the  value 
of  the  SPL  at  that  location,  and  then  determining  the  SPL  relative  to  the 
peak  SPL  for  other  values  of  X/D  relative  to  the  X/D  at  which  the  peak  noise 
occurs.  The  results  of  this  procedure  show  that  this  normalization  causes 
the  data  to  collapse  for  all  one-third-octave  band  frequencies  reported. 

Also,  the  normalized  data  for  the  multitube  suppressor  collapses  on  the  same 
curve  as  the  round,  converging  nozzle,  showing  that  the  two  configurations 
have  identical  characteristics. 

These  data  are  in  terras  of  SPL  per  unit  X/Xpeak  which  is  an  awkward 
form  for  engineering  use.  Therefore,  the  acoustic  energy  has  been  summed 
along  the  length  of  the  jet  with  the  result  given  Figure  3-7.  The  summation 
has  been  normalized  to  the  one-third-octave  band  SPL,  based  on  the  require¬ 
ment  that  all  the  acoustic  energy  along  the  length  of  the  jet  must  equal  the 
one-third-octave  band  level  as  seen  in  the  far  field.  As  an  example  of  the 
use  of  this  curve,  note  that,  at  the  axial  distance  from  the  nozzle  of  0.5 
times  the  distance  to  the  peak  (i.e.,  (X/Dj/CX/Djpgg^  =>  0.5),  the  noise 
level  is  9  dll  below  the  one-third-octave  band  level  of  the  entire  jet  length. 


(b)  Axial  Location  of  Merging  of  Adjacent  Flow  Streams 

High-frequency  noise  is  no  longer  generated  by  individual  tubes  down¬ 
stream  of  the  location  where  the  flow  has  merged;  this  is  called  the  "cutoff" 
effect.  The  location  of  merging  is  defined  as  illustrated  in  Figure  3-8. 

The  analytical  model  'adapted  from  Chen,  Reference  11)  of  the  expansion  of 
the  Jetstream  versus  distance  for  a  single-jet  nozzle  is  illustrated  in  Fig¬ 
ure  3-9.  The  radius  f-om  the  centerline  of  the  jet  to  the  boundary  of  the 
mixing  zone ,  <5  >  is : 

4  “  ( Dt/2) ( 1  +  X/Xc)  (3-4) 


Data  correlating  measured  values  of  the  length  of  the  potential  core  are 
given  in  Figure  3-10  for  convergent  and  convergent/divergent  nozzles;  the 
potential  core  lengths  are  the  same  for  the  two  types  of  nozzles.  (This 
correlation  should  not  be  interpreted  to  mean  that  the  shock  structures  of 
l In*  two  no/. zlt>s  are  the  same.) 
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P/P0  •  3.0 
Tt  *  1000*  P 


Axial  Distance  Downstream,  X/D 


Axial  Location  (X/D)  Relative  to  Axial  Location 
<X/D)  or  Peak  Noiso,  (X/D)/(X/D) 

P  p 


Figure  3-5.  Axial  Distribution  of  Jet  Noise  for  a  4.0-in., 
Round,  Convergent  Nozzle. 
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1/3-Octave-Band  SPL  per  Unit  (X/D/X/D  ) 
Relative  to  Peak  SPL,  p 


Function  of  (X/D)/(X/D)peak. 


Axial  Location  of  Merging, 


Figure  3-8.  Analytical  Model  for  the  Merging 
Location  of  Adjacent  Jets. 


Figure  3-9.  Analytical  Model  for  the 
Expansion  Rate  of  the  Jet 
Stream. 
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•  Round,  Convergent  Nozzles 
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Jet  Mach  Number,  M 
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Jet  Mach  Number,  M 


Figure  3- 10.  Length  of  Potential  Core,  X  /D,  as  a  Function  of  Jet  Mach 


lull 


For  adjacent  jets  with  parallel  centerlines,  the  merging  length,  X^,,  is 
then  determined  by  the  location  at  which  $  *  (Dt  +  S) / 2  where  S  =  Spacing 
between  adjacent  tubes. 

This  yields  the  result  that: 


*m  =  XcS/D,- 


(3-5) 


If  the  outer  row  is  canted  relative  to  the  next  inner  row  by  an  angle,  g, 
then: 


X 

Dt 


S 

-  —  sin  (90  -  a  +  e)  cos 
ut 
m 


(a)/sin  (2a  -  3) 


(3-6) 


where 

a  =  tan-1  (Dt/2Xc) 


X,„  is  now  used  is  conjunction  with  Xpe^  in  determining  the  amount  of  cutoff 
applied  to  a  given  one -third -octave  Dand  from  Figure  3-7. 

The  cutoff  effect  disappears  for  suppressor  nozzles  having  a  plug  when 
the  radius  ratio  (plug  radius  divided  by  nozzle  outer  radius)  exceeds  0.65, 
for  any  area  ratio;  this  occurs  for  either  single-  or  dual-flow  cases.  To 
account  for  this  in  the  correlation,  the  calculated  cutoff  effect  is  applied 
fully  only  to  cases  with  radius  ratios  of  less  than  0.6.  No  cutoff  effect  is 
applied  where  the  area  ratio  is  greater  than  0.65.  The  cutoff  effect  in  deci¬ 
bels  is  varied  linearly  between  full  effect  and  no  effect  in  the  radius  ratio 
range  of  0.6  to  0.65.  This  relationship  was  evolved  empirically  and  was 
adopted  on  the  basis  of  the  overall  check  obtained  by  this  procedure. 


(c)  Effective  Number  of  Elements  which  Radiate  Premerged 
to  the  Far  Field 


A1 1  tubes  do  not  radiate  noise  to  the  far  field.  This  is  shown  by  the 
work  of  Eldred  (26);  Middleton  and  Clark  (27);  Gray,  Gutierrez,  and  Walker 
(28);  the  Boeing  Company  (2,  5)  and  the  General  Electric  Company  (3,  4).  To 
account  for  this  in  the  correlation,  when  the  sound  has  wavelengths  smaller 
than  one-half  the  tube  diameter,  only  those  tubes  with  an  unobstructed  line 
of  sight  to  the  observer  are  counted,  and  the  effective  number  of  tubes,  Neff, 
is: 
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(  K 

Neff  =  ]  S  f2(K-j)  +  1] [1  ~  1/S/Dt]j 

(j=0  I _ ll~ - 1 

Term  A  Term  B 

where:  K  =  the  number  of  tube  rows  from  the  center,  counting  the  center 

tube  as  0 

j  =»  the  number  of  rows  inside  the  outer  row,  counting  the  outer 
row  as  0 

S  «  distance  between  tube  centerlines 
=  tube  diameter 

For  a  full  hexagonal  array,  K  =  N0/6  where  N0  is  the  number  of  tubes  in  the 
outer  row.  This  formulation  is  derived  on  the  basis  of  the  direct  line  of 
sight  by  the  far-field  observer,  counting  only  that  portion  of  the  preraerged 
jets  which  can  be  seen  in  a  rauititube  suppressor  of  hexagonal-array  configu¬ 
ration.  The  first  term  in  the  equation,  Term  A,  represents  the  number  of  tubes 
facing  the  far-field  observer  on  two  sides  of  the  six-sided  hexagon  for  each 
tube  row  in  the  hexagonal  assembly.  Tenn  B  represents  the  ratio  of  the  open 
space  relative  to  the  blocked  space  presented  in  the  j  rows  of  tubes  outside 
the  K  row  which  is  in  the  radiator  in  Term  A.  This  number  is  raised  to  the 
one-half  power  to  correlate  empirically  with  the  data. 

If  the  sound  has  a  wavelength,  x>  larger  than  twice  the  tube  diameter, 
all  tubes  are  counted.  For  frequencies  having  wavelengths  in  the  range 
D/2  >  x  >  2D  the  effect  is  varied  linearly  by  one-third-octave 
bands,  between  Nefj  <  N  <  Ntotaj. 

Data  also  show  that  aft  of  the  critical  refraction  angle  (ec)  (de¬ 
fined  below),  for  data  on  an  arc,  the  SPL's  for  the  premerged  portion  of  the 
frequency  range  remain  approximately  constant  with  angle.  This  is  illus¬ 
trated  in  Figure  3-11  for  data  from  Reference  5.  The  directivity  patterns 
for  the  suppressor  are  constant  in  the  premerged  region  (above  2000  Hr  for 
this  scale-model  nozzle)  for  angles  greater  than  120*,  while  for  the  conical 
(RC)  nozzle,  they  vary  significantly  with  angle.  Below  2000  He  the  patterns 
of  the  suppressor  resemble  those  of  the  simple  conical  nozzle.  This  phenom¬ 
enon  is  also  illustrated  in  Figures  3-12  and  3-13,  which  show  representative, 
multitube-nozzle,  far-field,  directivity  data  from  Reference  4;  for  this  noz¬ 
zle  (scaled  to  full  size),  that  portion  of  the  spectra  stemming  from  the  pre¬ 
merged  portion  of  the  jet  (frequencies  greater  than  400  Hz)  is  approximately 
constant  with  angle  for  angles  greater  than  110°  for  all  jet  velocities  shown. 
The  phenomenon  was  included  as  an  empirical  correction  to  the  correlation. 


•  Pressure  Ratio  =2.0 

•  Total  Temperature  =  1610°  R 


*  Data  from  Reference  5,  Figure  76 
and  92 


I 

4  kHz 


0c  =  118°  (Equation  3-8) 


32  kHz 


no  4  130  150  90  no  k  130  iso 

t-0  L_q 

c  Anglo  to  Inlot,  %  ,  degrees  c 


Figure  3-11.  Comparison  of  ileum  Patterns  for  Conical  urd  Multi  tube 
Nozzles. 
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The  critical  angle,  8C>  relative  to  the  inlet  is  given  by: 


9c 


180  -  cos~^ 


c0/cm 


degrees 


(3-8) 


where:  C0  =  ambient  speed  of  sound 

Cjj,  =  speed  of  sound  ba?ed  on  the  average  of  the  exit  flow  and 
ambient  velocities  and  static  temperatures 

Mn,  =  mean  Mach  no.  based  on  the  average  of  the  exit  flow  and 
ambient  velocities  and  static  temperatures 


The  predicted,  high-frequency  SPL's  at  the  angle  just  forward  of  ec  (based  on 
the  effective  number  of  tubes)  are  used  for  all  angles  aft  of  ec. 


3. 2. 2. 3  Merged  Jet  Prediction 

The  method  described  by  Potter  and  Crocker  in  Reference  29  was  adapted 
to  calculate  the  flow  conditions  of  the  jet  when  the  flows  from  individual 
elements  merge  to  form  one  large,  mixed  stream.  Although  the  analysis  was 
originally  developed  for  noise  prediction  from  clustered  rocket  engines,  it 
is  applicable  to  the  multielement,  jet-noise-suppressor  configurations  when 
proper  adjustments  for  geometry  are  included.  The  complete  details  of  the 
analysis  are  given  in  the  original  reference.  In  summary,  it  provides  a 
solution  to  the  mixing  flow  field  that  yields  values  for  the  area,  velocity, 
temperature,  and  density  of  the  merged  jet.  The  solution  is  developed  so 
that,  at  the  merging  location,  the  values  can  be  used  as  if  the  flow  were 
from  a  conical  nozzle,  and  the  low-frequency  jet  noise  can  be  calculated  by 
the  conical  jet  noise  procedure  (Section  3.3.2). 

Since  the  present  problem  involves  air  mixing  with  air,  the  Potter  and 
Crocker  formulation  has  been  simplified.  The  following  equations  summarize 
the  simplified  forms  that  are  used  (keeping  the  original  notation  as  defined 
after  the  equation): 


Merged  Jet  Velocity 


63  a  K2  <C3-Cu)Ma  *  e2  (a  K2  PCaMa  ♦  Uj2/  2gJ)  -  eKj  -  TaCa  -  0  (3-9) 


Merged  Jet  Area 


mr  (R  -R  )' 
A  =  _ r _ ± _ 

5  ,r-  -  s  2 


-  1)' 


(3-10) 


Merged  Jet  Density 


P5  =  p3  P/0  a 


(3-11) 


Merged  Jet  Static  Temperature 


y  Mae  /?  P3  Ru 


(3-12) 


where: 


A3 

Ca 

c3 

J 

K1 

K2 

Ma 

n 

Pa 

l>3 

I» 

K 

i'2 

T>, 


*3 

1'5 


Total  nozzle  exhaust  area,  fc 
Area  of  merged  jet,  ft2 

Constant-pressure  specific  heat  of  ambient  air, 
Btu/lb  *  R 

Constant-pressure  specific  heat  of  air  at  the  nozzle 
exhaust,  Btu/lb  0  R 

778  ft  lb/Btu 

[C3T3  +  U32/2gJ  -  TaCa]/P,  Btu/lb 
Pm/(RuP3P2),  0  R 

Molecular  weight  of  air,  lb/lb  mcle 
Total  number  of  tubes  in  exhaust  nozzle 
Ambient  pressure,  lb/ft*- 

O 

Total  pressure  at  nozzle  exit  plane*,  lb/ft* 

J  0*3  -  Pa)g/(U32p3)]  +  1,  dimensionless 
Universal  gas  constant  a  1545  ft  lb/°  K  lb  mole 
Radius  of  individual  tube,  ft 

Radius  of  circle  circumscribing  the  Cube  bundle,  ft 
Ambient  temperature,  0  R 

Static  temperatue  of  the  fully  expanded  jet  at  the 
nozzle  exit,  0  R 


1  Static  temperature  of  the  merged  jet,  *  R 
*  Reference  29  defines  this  as  the  static  pressure. 
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U3  =  Velocity  of  the  fully  expanded  jet  at  the  nozzle  exit, 
ft/sec 

a  =  A5/A3  =  Ratio  of  merged  jet  area  to  total  nozzle  exhaust 
area 

6  =  Ratio  of  merged-jet  velocity  to  nozzle-exit-jet  velocity 

P3  «*  Density  of  the  fully  expanded  jet  for  the  nozzle  discharge 
conditions,  lb/ft^ 

P5  =  Density  of  the  merged  jet,  lb/ft^ 

All  definitions  are  as  originally  given  (after  corrections  for  misprints 
in  the  use  of  the  gravitational  constant,  g)  with  the  exception  of  the  param¬ 
eter  P.  This  parameter  was  developed  from  the  momentum  equation  in  the  form: 


P3a3u32 

g 


P3A3 


P5a5u52 

g 


+  P  A, 
a  3 


(3-13) 


When  rearranged  to  solve  for  the  conditions  at  Station  5  the  parameter,  P, 
appears : 


P5A5U52  °  P3A3U32 


1  + 


<P3  -  Pa)8 


P3U3  J 


p3A3U3  P 


(3-14) 


This  shows  that  the  pressure,  P3,  should  be  the  static  pressure.  When  P3  was 
interpreted  as  the  total  pressure,  however,  the  (low  frequency)  noise  predic¬ 
tion  checked  remarkably  welt.  This  was  therefore  adopted  as  an  empirical 
modification  of  the  original  analysis. 

Since  the  equation  for  velocity  is  a  third-order  equation,  "Newton's 
Method,"  as  defined  in  Reference  30,  is  used  to  determine  an  application  root. 
After  determining  this  root,  the  equation  is  simplified  and  the  quadratic 
equation  is  used  to  solve  for  the  other  roots  to  see  if  they  lie  in  the  range 
of  applicability.  The  root  determined  by  "Newton's  Method"  for  O<0<1  was 
invariably  applicable  and  is  therefore  always  used  in  the  computer  program  to 
determine  the  merged  velocity,  even  if  another  root  is  real.  In  that  event, 
the  additional  root  is  printed  out  so  that  it  can  be  checked  for  impact  on 
noise. 


In  the  case  where  a  plug  was  involved,  the  nozzle  outer  diameter  is  de¬ 
fined  as  below,  and  Che  area,  A5,  is  determined.  All  other  equations  remain 
the  same. 


*2 


Ed 


for  Rr  §  0.6 


R2  ■  K0  VnfARjR^ 


R92 


for 


Rr  &  0.6 


(3-15) 


37 


where:  Kq  =  -1.947  log10  (Rr/1.954)  [1-0.2525  log10  (Tg/1750)]  /Rr/0.716 

Rr  =  suppressor  radius  ratio 

AR  =  nozzle  area  ratio  (annulus  area  filled  by  the  suppressor 
divided  by  the  nozzle  flow  area) 

Rg  =  nozzle  plug  radius  (ft) 

All  other  variables  are  as  previously  defined. 

3. 2. 2.4  Summary  of  Prediction  Elements 

The  following  method  is  used  in  the  computer  program  (Appendix  A)  for 
determining  noise  levels  for  multielement  suppressor  nozzles;  exceptions  to 
this  procedure  for  specific  nozzle  types  are  specified  in  Section  3.3. 

1.  The  SPL  versus  angle  for  each  one-third-octave  band  is  determined 
from  the  conical  nozzle  correlation  (Section  3.3.2)  for  an  indi¬ 
vidual  element  prior  to  merging,  based  on  the  nozzle  exit  condi¬ 
tions,  and  for  the  merged  jet  based  on  the  flow  conditions  and  area 
calculated  according  to  the  "Merged  Jet  Thermodynamic  Conditions" 
portion  of  thi3  section,  (Equations  3-9  through  3-12). 

2.  Noise  is  calculated  for  the  flow  from  tubes  (prior  to  merging)  as 
follows : 

(a)  The  axial  location  of  the  peak  noise  generation  is  determined 
for  each  one-third-octave  band  by  means  of  Equations  3-2  and 
3-3.  Using  the  one-third-octave  band  midpoint  frequency, 
Equation  3-2  is  solved  for  X/D,  designated  as  (X/D)peak  for 
each  one-third-octave  band. 

(b)  The  axial  location,  (X/D)m  at  which  noise  is  no  longer  gener¬ 
ated  by  flow  from  the  individual  tubes  is  determined  by  Equa¬ 
tion  3-6  for  each  one-third-octave  band. 

(c)  The  ratio  of  the  value  determined  in  (b)  to  that  in  (a),  above, 
is  used  as  the  value  for  each  one-third-octave  band  of 

(X/D)m/ ( X/ D ) peak 

in  Figure  3-7  to  obtain  the  SPL  level  relative  to  the  overall 
one-third-octave  band  SPL  (determined  in  Step  l);  this  deter¬ 
mines  the  SPL  in  the  one-third -octave  band  for  noise  from  an 
individual  tube. 

(d)  The  noise  from  the  nozzle  is  then  determined  based  upon  the 
effective  number  of  tubes  as  determined  by  Equation  3-7. 
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(e)  Aft  of  the  critical  angle  the  SPL  on  the  arc  for  the  premerged 
noise  is  held  constant  and  equal  to  the  corresponding  SPL  just 
forward  of  the  critical  refraction  angle,  defined  by  Equation 
3-8. 


3.  Noise  for  the  merged  flow  (determined  in  Step  1)  is  then  added  to 
that  from  premerged  flow  (Step  2)  for  each  one-third-octave  band. 

Finally,  shock-cell  noise  is  calculated  for  each  nozzle  type  as  dis¬ 
cussed  in  Section  3.3  and,  when  present,  is  added  to  the  mixing  noise. 


3.2.3  Literature  Sources  Considered  in  Developing  the  Correlation 

The  published  literature  which  supplied  the  data  base  for  the  Engineer¬ 
ing  Correlation  (in  addition  to  the  data  from  the  current  program)  is  identi¬ 
fied  in  Appendix  B.  The  contents  of  Appendix  B  are  organized  according  to 
the  type  of  nozzle  and  type  of  suppressor,  with  separate  tables  for  each 
combination.  The  references  included  in  these  tables  are  identified  in  the 
Bibliography  included  as  a  part  of  the  Appendix. 

Specific  references  for  each  nozzle  type  are  separately  identified  in 
Section  3.3  including  a  definition  of  the  nozzle  geometries,  parameters,  and 
the  range  of  test  conditions. 


3.3  ENGINEERING  CORRELATION  PREDICTIONS  AND  DATA  COMPARISONS  FOR  THE  TASK  3 
JET  SUPPRESSOR  NOZZLES 


3.3.1  Overall  Summary  of  the  Adequacy  of  the  Correlation  Procedure 

The  correlation  between  measured  and  predicted  noise  levels  for  all 
types  of  suppressor  nozzles  (as  described  in  Section  3.2.1)  is  shown  in 
Figure  3-14  for  perceived  noise  level  (PNL  as  calculated  per  Reference  31) 
at  the  sideline  angle  at  which  the  maximum  PNL  occurred  and  in  Figure  3-15 
for  effective  perceived  noise  level  (EPNL).  All  comparisons  are  presented 
at  distances  of  1500  to  2400  feet,  depending  on  the  literature  source.  In 
order  to  estimate  the  EPNL,  the  static  test  data  for  the  nozzle  were  used  to 
calculate  a  PNL  history  for  a  level  flyover,  without  the  use  of  any  flight 
effects  upon  noise  generation  or  radiation. 

The  measured  and  predicted  data  in  Figures  3-14  and  3-15  are  presented 
relative  to  a  "reference"  level  in  order  to  assure  that  the  full  range  of  the 
noise  variation  was  the  consequence  of  thermodynamic  variation  and  not  size 
variation.  Thus,  when  sets  of  data  were  from  two  nozzles  of  different  sizes 
(flow  areas),  the  noise  for  each  was  predicted  at  a  reference  set  of  thermo¬ 
dynamic  conditions  (a  pressure  ratio  of  about  2.5  and  a  temperature  resulting 
in  a  jet  velocity  of  about  2000  ft/sec);  noise  at  other  conditions  was  then 
normalized  relative  to  the  reference  conditions.  The  data  in  the  figures  are 
in  the  form,  therefore,  as  given  by: 
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IL  Relative  to  Referen 


•  Flyover  calculation  using  static  data  corrected  to  free-field  conditions 


•  The  "Reference"  level  is  the  predicted  value  of  noise  for  each  nozzle, 
at  a  specified  set  of  thermodynamic  conditions,  plus  an  arbitrary 


Figure  3-15.  Correlation  Between  Keasured  and  Predicted  Effective 

Perceived  Noise  Level  (EPNL)  for  all  Types  of  Suppressor 
Nozsles . 
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Measured  Relative  to  Reference: 


M  =  (PNL  measured  at  test  point)  - 
(PNL  predicted  at  reference) 

+  100 


versus 


Predicted  Relative  to  Reference:  P  =  (PNL  predicted  at  test  point)  - 

(PNL  predicted  at  reference) 

+  100 


The  same  was  done  for  the  case  of  EPNL. 

The  data  in  this  fora  were  then  evaluated  by  linear  regression  analysis 
of  the  form:  (M-100)  =  m( P-100)  +  b  and  the  values  of  the  resulting  linear 
regression  constants,  tn  and  b,  are  shown  on  the  figures  together  with  the 
spread  in  the  data  for  80%  and  95%  confidence.  Also  shown  are  lines  through 
the  data  including:  (a)  a  solid  line  representing  the  linear  regression 
curve  and  (b)  a  dashed  line  representing  the  "measured  equals  predicted"  case 
for  reference.  Further  description  on  converting  the  measured  value  (rela¬ 
tive  to  the  reference  value)  to  the  "expected"  value  is  given  in  Section 
3. 3. 3. 3. 


The  figures  show  that  the  value  of  b,  a  measure  of  the  difference  be¬ 
tween  the  overall  averages  of  the  measured  and  predicted  data,  is  less  than 
0.1  dB  for  the  PNL  and  less  than  0.3  dB  for  the  EPNL  correlation.  Also,  the 
value  of  m,  which  is  a  measure  of  any  consistent  trend  for  deviation  of  the 
measured  from  the  predicted  value  of  the  noise,  is  within  3%  of  a  1:1  rela¬ 
tionship  over  a  range  of  about  35  dB. 

In  most  cases,  the  slope  is  slightly  less  than  1:1;  this  is  the  result 
of  underprediction  at  low  jet  velocities  caused  by  the  high-frequency  noise 
(even  though  all  the  nozzle  elements  of  a  multielement  suppressor  are  summed 
in  those  cases  without  cutoff)  and  an  overprediction  at  high  velocities 
(apparently  caused  by  an  underprediction  of  the  cutoff  effect).  The  random 
scatter  about  the  mean  line  is  within  2.4  dB  for  80%  confidence  and  within 
3.7  dB  for  95%  confidence.  Consequently,  the  measured  data  are  concluded  to 
be  well  correlated  by  the  prediction  method  in  which  the  expected  value,  M, 
is  determined  from  the  predicted  value,  P,  based  upon  the  linear  regression 
analysis . 

Such  data  are  presented  in  subsequent  subsections  of  this  section  for 
each  individual  nozzle  type.  A  summary  of  this  information  is  included  in 
Table  3-1.  For  each  nozzle  type,  the  linear  regression  constants,  m  and  b, 
and  the  80%  and  95%  confidence  limits  are  tabulated.  Also,  the  number  of 
nozzles  which  were  available  to  establish  the  correlation  is  listed.  This 
information  is  given  for  both  the  PNL  and  the  EPNL  measure  of  the  noise.  In 
general,  the  table  shows  that  any  nozzle  type  can  be  estimated  within  2,6  dB 
or  less,  whether  maximum  PNL  or  EPNL,  with  80%  confidence. 

The  following  subsections  discuss  each  nozzle  type  individually.  A 
definition  of  the  prediction  method  and  data  base  used,  a  summary  of  the 
prediction  elements,  and  a  discussion  of  the  data  comparisons  and  accuracy 
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Table  3-1.  Linear  Regression  Analysis  Results  for  Suppressor  Nozzles 


Nozzle 

Type 

Linear  Regression 
Constants 
m  b 

PNL  All  Suppressors 

0.973 

0.07 

Conical 

1.003 

0.63 

Single-Flow, 

Multitube 

0.951 

0.19 

Special  Nozzles 

0.883 

0.59 

Single-Flow, 

Multichute/Spoke 

0.995 

0.05 

Dual-Flow, 

Multicube 

0.887 

-1.81 

Dual-Flow, 

Multichute/Spoke 

1.041 

0.22 

EPNL  All  Suppressors 

0.968 

0.29 

Conical 

0.975 

-0.34 

Single-Flow, 

Multicube 

0.952 

0.20 

Special 

0.937 

0.06 

Single-Flow, 

Multichute/Spoke 

1.003 

0.11 

Dual-Flow, 

Multltube 

0.911 

-0.25 

Dual-Flow, 

Multichute/Spoke 

1.000 

0.89 

Limits  (dB) 
SOX  95X 


Nozzles 


are  presented.  In  the  presentation  of  data  accuracy,  representative  com¬ 
parisons  are  shown  of  frequency  spectra  and  far-field  directivity  of  PNL. 


3.3.2  Conical  Nozzles 


3.3.2. 1  Definition  of  Method  and  Data  Base  Used 

The  SAE  ARP  876  proposed  revision  dated  April  1,  1975  as  documented  in 
Reference  32,  and  included  in  Appendix  C  as  the  gas  turbine  jet  exhaust  noise 
prediction,  was  adapted  for  predicting  single-stream  jet  mixing  noise  with 
the  minor  modification  of  increasing  the  predicted  levels  by  1.0  dB.  This 
correlation  was  used,  rather  than  later  SAE  draft  revisions,  because  of 
timing  and  because  the  latest  revision  had  not  yet  been  approved  by  the  SAE 
committee.  The  origins  of  the  experimental  data  base  for  the  prediction  are 
listed  in  Reference  32. 

The  single-stream,  shock-cell  noise  proposed  to  the  SAE  Jet  Noise  Sub¬ 
committee  (A-21),  Reference  33,  and  also  included  in  Appendix  C,  was  also 
adapted.  An  error  in  Reference  33  has  been  corrected  in  the  program  for  the 
value  of  as  follows: 


r  N-l 

(i)2 

C(sn) 

N-(i+l)  -j 

u  » 

H(f) 

i+i  y 

N  Lu 

\  ^  cos (F)  sin(0.115F) 

Ld  (0.115F) 

L  i-l 

s<°0 

The  equation  for  SPL  then  should  read: 


(3-16) 


(3-17) 


3 . 3 . 2 . 2  Summary  of  Prediction  Elements 

The  detailed  prediction  procedures  for  mixing  and  shock-cell  noise  are 
defined  in  Appendices  C  and  D.  In  general,  for  pure  jet  mixing  noise,  a  nor¬ 
malization  of  OASPL  is  given  at  acoustic  angles  from  the  inlet  between  20 
degrees  and  160  degrees.  This  normalization  is  a  function  of  the  density 
ratio  (to  the  'V  power),  the  nozzle  exit  area,  the  acoustic  range,  and  the 
fully  expanded  jet  velocity.  Spectral  distributions  are  presented  as  a  func¬ 
tion  of  modified  Strouhal  number.  Air  attenuation  and  extra  ground  attenu¬ 
ation  (EGA),  References  34  and  35  respectively,  are  applied  as  required. 

Shock-cell  OASPL  is  determined  as  a  function  of  nozzle  exit  diameter, 
jet  Mach  number,  acoustic  range,  and  acoustic  angle.  Spectral  distribution 
is  determined  as  a  function  of  modified  Strouhal  number,  shock-cell  spacing 
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and  the  number  of  shock  cells.  Air  attenuation  and  EGA  are  applied  to  arrive 
at  the  far-field  SPL  contribution  due  to  shock-cell  noise. 


3. 3. 2. 3  Data  Comparisons  and  Accuracy 

The  1975  proposed  revision  to  SAE  ARP  876  used  herein  was  the  best  cor¬ 
relation  available  at  the  beginning  of  this  effort.  An  analysis  of  the  accu¬ 
racy  of  this  method  and  other  methods  with  respect  to  available  data  is  pre¬ 
sented  in  Reference  36  (Zorumski  and  Brown  of  NASA-Langley  Research  Center 
collaborating  with  Andre  and  Kapper  of  LTV  Aerospace  Corporation).  This 
reference  presents  an  analytical  method  of  evaluating  the  accuracy  of  jet 
noise  prediction  methods  with  respect  to  a  given  data  base.  Although  the 
analysis  is  not  meant  to  provide  a  final  evaluation  of  the  "best"  correla¬ 
tion,  it  does  show  that  the  1975  proposed  revision  of  SAE  ARP  876  is  as  good 
or  better  than  two  other  recently  documented  prediction  methods  and  only 
slightly  poorer  than  the  best  of  the  four  methods  reviewed.  The  authors  also 
note  that  a  one-dB  upward  shift  in  the  SAE  "carpet  plot"  would  make  the  SAE 
prediction  of  power  agree  with  the  Lockheed  experimental  data  base  (Reference 
14)  within  +1.5  dB.  Reference  14  provides  some  checks  against  data  which 
indicate  that  the  prediction  method  adequately  models  shock  noise  from  conical 
nozzles . 

Another  check  of  the  accuracy  of  the  total  jet  noise  prediction  method 
is  provided  in  Figures  3-16  and  3-17  using  data  taken  during  this  program. 

The  figures  show  measured  versus  predicted  maximum  PNL  and  "static"  EPNL 
respectively.  This  "static"  EPNL  is  defined  as  tne  sum  of  the  maximum  value 
of  tone-corrected,  perceived  noise  and  the  duration  correction.  It  is  deter¬ 
mined  using  the  PNLT  generated  statically  (i.e.,  the  noise  ignoring  flight 
effects).  Linear  regression  analysis  shows  that  the  measured  value  agrees 
with  the  predicted  for  PNL  and  EPNL  within  1.3  and  1.2  dB,  respectively,  with 
803!  confidence. 

Data  showing  typical  checks  between  predicted  and  measured  maximum  PNL 
(normalized)  versus  velocity,  PNL  directivity,  and  one-third-octave  band  SPL 
spectra  for  the  far-field  angles  50*,  90*,  and  130*  (from  the  inlet)  are 
given  in  Figures  3-18  through  3-22,  respectively.  The  predicted  values  in¬ 
clude  both  the  mixing  and  the  shock-cell  noise  as  defined  in  Section  3.3.2. 1. 


3.3.3  Multitube  Nozzles 


3. 3. 3.1  Definition  of  Method  and  Data  Base  Used 


The  mult itube-type  nozzle  was  used  aa  the  example  discussed  in  Section. 
3.2.2  for  the  development  of  the  M*S  engineering  correlation  method  for 
multielement  suppressors.  The  data  base  used  for  checking  the  predicted 
versus  measured  noise  in  evolving  the  correlation  is  summarized  in  Table  3-2. 
Shock  noise' for  a  single  tube  is  calculated  using  the  relationships  for  a' 
conical  nozzle;  the  level  is  then  determined  by  the  effective  number  of 
tubes,  Neff,  per  Equation  3-7,  with  an  empirical  reduction  amounting,  in 
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Measured  FNX.  Relative  to  Reference,  M,  PNdB 


02 

S  100 

u 

o 


•  Flyover  calculation  using  static  data  corrected  to  free-field  conditions 

*  The  Reference  '  level  is  tho  predicted  value  of  noise  for  each  nozzle, 
at  a  specified  set  of  thermodynamic  conditions,  plus  an  arbitrary 
value  of  KiO  dB. 
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Figure  3-17.  Correlation  Between  Measured  and  Predicted  Effective 
Perceived  Noise  Level  (EPNL)  f c-v  a  Conical  Nozzle. 
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Figure  3-20.  Representative  Check  of  Predicted  Versus  Measured  Spectra 
of  a  Conical  Nozzle  (50°  Inlet  Angle) . 
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Figure  3-21.  Representative  Check  of  Predicted  Versus  Measured  Spectra 
for  a  Conical  Notzle  (90*  Inlet  Angle). 
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PT/P0  =  2.745,  Tt  =  1320°  R,  V.  =  2001  ft/sec 
PT/P0  =  3.924,  Tt  =  1488°  R,  Vj  =  2397  ft/sec 
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Figure  3-22.  Representative  Check  of  Predicted  Versus  Neasured  Spectra 
for  a  Conical  Noz2le  (130°  Inlet  Angle). 
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(l)  S-ais  les  ia  ao;  fcavr  a  ccate-rborfjr  plug  unless  ooteil  in  cooaeacs. 
(?)  htto  oi  CMKslc  area  (annulus  If  plug  ooule)  to  flow  area. 


decibels,  to  twice  the  nozzle  pressure  ratio.  This  correction  accounts  for 
the  fact  that  suppressor  base  pressures  are  considerably  lower  than  ambient 
(free  stream)  thus  increasing  the  effective  ratio  of  the  elemental  jets  (see 
Volume  II). 

In  general,  the  mn.ltitube  correlation  in  the  computer  program  applies 
only  for  the  conditions  described  in  Section  3.2.1  (it  is  based  on  nozzles 
having  hexagonal  arrays  of  equally  spaced,  round  tubes  with  parallel  center- 
lines).  Perturbations  from  the  simple  nozzle  may,  however,  be  desirable  in 
order  to  improve  aerodynamic  performance,  acoustic  signature,  or  mechanical 
feasibility.  A  number  of  "advanced"  nozzles  have  been  designed  and  tested. 
This  section  discusses  the  correlation  relative  to  the  prediction  of  the 
noise  from  these  nozzles. 

Two  important  special  nozzles  are  the  104-tube  nozzle  (Reference  25)  and 
the  66-tube  nozzle  (Reference  4).  The  104-tube  nozzle  had  varying  tube  size, 
spacing, and  shape.  The  66-tube  nozzle  has  nonuniform  spacing,  a  plug,  and  a 
canted  outer  row  of  tubes.  The  average  spacing  of  the  outer  row  of  tubes  for 
both  nozzles  is  about  102  greater  than  the  overall  average  tube  spacing  of 
the  nozzle. 

The  effect  of  nonuniform  tube  centerline  spacing  is  calculated  by  assum¬ 
ing  uniform  spacing  for  the  postmerged  noise  and  using  the  actual  average 
outer  row  spacing  for  premerged  cutoff  and  for  determining  the  effective  num¬ 
ber  of  cubes. 

In  addition  to  nonuniform  spacing,  the  104-tube  nozzle  has  elliptical 
tubes  of  three  different  sizes.  The  largest  variation  from  round  is  1.79:1 
and  the  smallest  is  1.26:1.  The  tube  size  variation  from  the  average  tube 
size  based  on  the  actual  total  flow  area  is  between  -92  and  4-312.  These 
variations  were  predicted  by  assuming  104  equally  spaced  tubes  of  equal 
diameter  where  the  diameter  is  determined  by  the  total  flow  area  required. 


3 . 3 . 3 . 2  Summary  of  Prediction  Elements 

The  computer  program  includes  the  procedure  given  in  Section  3.2.2  as 
summarized  in  "Summary  of  Prediction  Elements,"  with  the  shock-cell  noise 
calculated  as  defined  in  Suction  3. 3. 3.1,  "Definition  of  Method  and  Data  Base 
Used." 


3.3, 3.3  Data  Comparisons  and  Accuracy 

The  measured  versus  predicted  data  from  21  conventional,  multitube 
nozzles  for  PNL  and  EPN1.*  are  shown  in  Figures  3-23  and  3-24,  respectively. 
Such  data  for  the  two  "special"  nozzles  (see  Section  3. 3.3.1)  are  given  in 
Figures  3-25  and  3-26.  The  correlation  accuracy  for  these  nozzles  is  below 
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•  Flyover  calculation  using  static  data  corrected  to  free-field  conditions 

•  The  Reference”  level  is  the  predicted  value  of  noise  for  each  nozzle, 
at  a  specified  set  of  thermodynamic  conditions,  plus  an  arbitrary 
value  of  100  dB. 
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Figure  3-24.  Correlation  Between  Measured  and  Predicted  Effective  Per 
ceived  Noise  Level  (EPNL)  for  Siugle-Flow,  Multitube 
Nozzles. 
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Flyover  calculation  using  static  data  corrected  to  free-field  conditions 

The  "Reference"  level  is  the  predicted  value  of  noise  for  each  nozzle, 
at  a  specified  set  of  thermodynamic  conditions,  plus  an  arbitrary 
value  of  100  dB. 
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Figure  3-26*  Correlation  Between  Measured  and  Predicted  Effective 
Perceived  Noise  Level  (EPNL)  for  Special  Nozzles* 


the  average  for  suppressor  nozzles  in  general  (see  Table  3-1).  This  is 
believed  to  be  the  result  of  limitations  of  the  data  base  from  published 
literature.  Specifically,  data  from  References  2  and  3  were  in  the  form  of 
octave-band  spectra  (as  opposed  to  the  current  standard  of  one-third  octave), 
required  corrections  for  ground  effects,  and  were  provided  only  for  the  aft- 
quadrant.  Likewise,  the  data  from  Reference  25  were  only  for  the  aft  quad¬ 
rant  and  were  not  corrected  to  Standard  Day  conditions. 

Even  so,  the  80%  confidence  levels  for  the  conventional,  multitube  noz¬ 
zles  is  within  2.6  dB  for  PNL  and  2.5  dB  for  EPNL  when  the  equation  M  =  mP  +  b 
is  used.  To  emphasize  the  meaning  of  this  form  of  the  data  presentation,  the 
procedure  required  to  estimate  the  expected  value  within  the  specified  con¬ 
fidence  limits,  is  as  follows: 

1.  Predict  the  noise  for  the  nozzle  at  reference  conditions  (pressure 
ratio  of  about  2.5,  temperature  yielding  a  fully  expanded  jet  ve¬ 
locity  of  about  2000  ft/sec,  and  at  the  actual  size  and  area-ratio 
of  the  nozzle). 

2.  Predict  the  noise  for  the  nozzle  at  the  conditions  of  concern 
(pressure  ratio,  temperature,  and  actual  size  and  area  ratio  of 
the  nozzle). 

3.  Determine  the  value  of  P  as  defined  in  Section  3.3.1. 

6,  Determine  the  expected  value  of  the  measured  noise  relative  to  the 

reference  conditions  from  (M-100)  “  ra( P-100)  ♦  b. 

5.  Estimate  the  expected  value  of  the  noise  from  the  nozzle  from: 

j  PNL  1 

Expected  value  »  M  ♦  <  or  >  -100 

(  EPNL  J  predicted  at  reference  conditions 

It  is  of  greater  importance  to  use  this  form  of  estimating  the  expected  value 
of  the  noise  as  the  value  of  b  departs  more  from  zero  and  as  m  deviates  more 
from  unity.  This  is  the  case  for  the  '’special’'  nozzles  as  shown  in  Figures 
3-25  and  3-26. 

Representative  comparisons  between  measured  and  predicted  data  for 
26QO-ft  sideline  PNL  versus  far-field  angle  and  for  one-third-oetave  band 
spectra  at  50*,  90*,  and  130*  from  the  inlet  are  shown  in  Figures  3-27 
through  3-30.  The  first  two,  3-27  and  3-28,  are  for  the  106-tube  nozzle  at 
jet  velocities  of  1600  and  2195  ft/sec,  respectively.  The  remaining  two, 

3-29  and  3-30,  are  for  the  66-tube  nozzle  at  1252  and  2678-ft/scc  veloci¬ 
ties,  respectively. 
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Figure  3-27.  Typical  PNL  Directivity  and  Gne-Third-Octave  Sand  Spectra 
for  a  lOA-Tube  Kozzle  at  1400-ft/#ec  Jet  Velocity- 
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Figure  3-30.  Typical  PNL  Directivity  and  One-Third -Octave  Band  Spectra 
for  a  66-Tube  Nozzle  at  2478-ft/sec  Jet  Velocity. 


3.3.4  Multichute  or  Spoke  Nozzles 


3 . 3 . 4 . 1  Definition  of  the  Method  and  Data  Base  Used 

The  basic  procedures  are  given  in  Section  3.2.2,  except  that  a  change  is 
made  from  tubes  to  chutes  or  spokes.  The  differences  are  as  follows: 

•  In  determining  the  axial  distribution  and  axial  locations  of  peak 
noise,  an  equivalent  diameter  is  used  as  defined  by  Deq  = 

where  the  flow  area,  A,  is  the  nozzle  flow-passage  area  between 
two  adjacent  chutes  or  spokes. 

•  In  the  low-frequency  noise  formulation,  the  calculation  of  the  area 
of  the  merged  jet  by  Equation  3-10  requires  the  number  of  elements 
to  be  the  number  of  chutes,  the  circumscribing  radius  to  be  that 
determined  by  the  envelope  of  the  chutes  or  spokes,  and  the  radius 
of  the  element  to  be  Deq/2.  If  the  exit  plane  of  the  chutes  or 
spokes  is  canted  by  an  angle  3,  the  radius,  R£  used  in  Equation 
3-10  is  defined  by: 


•  The  axial  location  of  the  merging  of  adjacent  jets  from  the  chutes 
or  spokes  is  also  determined  by  Equation  3-6  (Section  3.2.2)  where 
S  and  Dt  are  defined  by  the  sketch  below: 


Chute 

Spoke 


#  The  effective  number  of  flow-passage  elements  radiating  noise  to 
the  far  field  is  determined  in  a  manner  similar  to  tube  nozzles, 
using  Equation  3-7  in  the  following  form: 
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Neff  =  (2K  +  D1/2 

where:  K  =  (Number  of  chutes  or  spokes/6) 

This  is  equivalent  to  using  the  number  of  tubes  in  the  outer  row 
(of  a  multitube  suppressor)  that  the  observer  sees. 

The  effective  number  of  elements  is  applied  for  premerged  noise  for 
those  frequencies  having  wavelengths  smaller  than  Deq  =  /4A /*  for  supersonic 
flow  or  the  outer  flow  width,  Dt ,  for  subsonic  flow.  This  effect  is  also 
varied  as  for  multitube  suppressors:  D/ 2  >2>2D  and  Nef f<N<Ntotal  where 
Ntotal  =  total  number  of  chutes  or  spokes. 

Shock  noise  is  calculated  for  a  single  element  by  the  relationships  for 
conical  nozzles,  using  the  average  passage  width  (average  of  the  radial  vari¬ 
ation,  Dt  +  Dft/2,  as  shown  on  sketch  on  page  62)  in  place  of  Dj  (see  Section 
3. 3. 2.1).  The  remainder  of  the  calculation  is  the  same  as  for  the  multitube 
suppressor  (see  Section  3. 3. 3.1). 

The  data  base  used  for  checking  the  predicted  versus  measured  noise  in 
the  correlation  is  summarized  in  Table  3-3. 


3. 3.4. 2  Summary  of  Prediction  Elements 

The  procedure  for  multitube  suppressors  (see  Section  3. 3. 3. 2)  is  fol¬ 
lowed  with  the  changes  noted  in  Section  3. 3. 4.1. 


3 . 3 . 4 . 3  Data  Comparisons  a,'J  Accuracy 

Figures  3-31  and  3-32  give  predicted  versus  measured  maximum  PNL  and 
"static"  EPNL  respectively  for  single-flow,  multichute/spoke  nozzles.  An 
accuracy  of  +2.4  for  PNL  and  +2,0  for  EPNL  with  80%  confidence  is  indicated. 
The  data  from  Reference  3  in  this  case  was  one-third-octave  band  data.  The 
ground  reflections  were  removed  from  the  PNL  by  subtracting  2.7  dB  which  is 
the  usual  high-frequency  correction  for  this  facility.  However,  since  the 
data  were  obtained  using  nozzle-centerline-height  microphones,  the  ground 
reflection  cancellations  and  reinforcements  can  and  do  extend  to  higher  fre¬ 
quencies.  In  addition,  because  of  the  small  area  ratio  of  the  suppressors 
involved,  there  is  a  significant  amount  of  low-frequency  noise  which  affects 
the  PNL.  The  effect  of  the  ground  retlections  on  PNL  therefore  may  vary  from 
nozzle  to  nozzle  and  velocity  to  velocity  and  may  differ  from  2.7  dB.  Al¬ 
though  the  actual  scatter  caused  by  this  is  felt  to  be  small  (less  than  +1.0 
dB) ,  it  is  affecting  the  overall  scatter. 

Figures  3-33  through  3-36  give  typical  PNL  directivity  and  one-third- 
octave  band  spectra  comparisons  showing  representative  correlation  in  detail. 
On  some  multichute  nozzles,  at  the  higher  end  of  the  velocity  range  tested  in 
this  program,  the  data  at  the  140°  angle  sometimes  was  several  PNdB  higher 
than  predicted.  The  cause  of  this  discrepancy  could  not  be  explained. 
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Nozzles  have  a  centerbody  plug  unless  noted  In  comments 
Ratio  of  nozzle  area  (annulus  If  plug  nozzle)  to  flow  a1 


•  The  "Reference"  level  is  the  predicted  value  of  noise  for  each  nozzle, 
at  a  specified  set  of  thermodynamic  conditions,  plus  an  arbitrary 
value  of  100  dB. 


Figure  3-31.  Correlation  Between  Measured  and  Predicted  Maximum 

Perceived  Noise  Level  (PNL)  for  Single-Flow,  Multichute/ 
Spoke  Nozzles. 


Measured  JEPSL  Relative  to  Reference,  M,  EPNdB 


•  Flyover  calculation  using  static  data  corrected  to  free-field  conditions. 


•  The  Reference  level  is  the  predicted  value  of  noise  for  each  nozzle, 
at  a  specified  set  of  thermodynamic  conditions,  plus  an  arbitrary 
value  of  100  dB, 


Figure  3-32.  Correlation  Between  Measured  and  Predicted  Effective 

Perceived  Noise  Level  (EPNL)  for  Single-Flow,  Multichute/ 
Spoke  Nozzles. 
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Figure  3-33.  Typical  PNL  Directivity  and  One-Third-Octave  Band  Spectra 
for  a  36-Chute  Nozzle  at  1197-ft/sec  Jet  Velocity. 
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Figure  3-36.  Typical  PNL  Directivity  and  One-Third-Octave  Band  Spectra 
for  a  32-Element,  Deep-Chute  Nozzle  at  2490-ft/sec  Jot 
Velocity. 


3.3.5  Dual-Flow  Nozzles 


3 . 3 . 5 . 1  Definition  of  Method  and  Data  Base  Used 

The  dual-flow  correlation  is  for  nozzles  with  a  multielement  suppressor 
on  the  outer  stream.  The  conical  jet  noise  correction  is  used  in  order  to 
predict  level,  spectrum,  and  directivity,  just  as  it  was  for  single-flow  noz¬ 
zles.  The  concept  of  a  premerged  and  a  postmerged  noise-generation  region 
is  used,  and  shock-cell  noise  is  again  added  to  mixing  noise. 

The  premerged  noise,  including  both  mixing  and  shock  noise,  is  deter¬ 
mined  for  the  multielement  suppressor  just  as  if  the  nozzle  were  a  single¬ 
flow  suppressor,  using  the  procedures  described  in  Section  3.3.3  for  multi¬ 
tube,  and  in  Section  3.3.4  for  multichute  or  spoke  suppressor  nozzles.  The 
effect  which  radius  ratio  has  on  the  cutoff  effect  (Section  3.2.2)  is  in¬ 
cluded  in  the  calculation.  It  is  assumed  that  the  nozzle  is  of  the  extended 
core  type  so  that  the  outer  stream  fully  merges  before  mixing  with  the  inner 
stream;  the  consistency  of  the  data  with  the  prediction  suggests  that  the 
assumption  is  warranted  for  this  data  base. 

The  postmerged  mixing  noise  of  a  dual-flow  nozzle  with  a  suppressor  on 
the  outer  stream  is  based  on  the  outer  flow  (W°,  V°,  T°,  P°,  and  A0)  mixed 
with  ambient  air  as  determined  by  the  method  described  in  Section  3.2.2  under 
"Merged  Jet  Thermodynamic  Conditions"  and  then  mixed  with  the  inner  stream 
as  described  below.  The  effect  of  the  inner  stream  was  found  to  preclude  the 
effects  of  a  plug;  therefore,  Equation  3-15  for  Rr  >  0.6  is  not  included  for  the 
suppressed,  dual-f low-nozzle  predictions. 

Two  approaches  are  used  to  predict  postmerged  mixing  noise  depending  on 
whether  the  outer  stream  velocity  is  lower  or  higher  than  the  inner  stream: 

•  When  the  lower  velocity  is  in  the  outer  stream,  the  postmerged 
mixing  noise  is  determined  by  the  nozzle  exit  conditions  of  the 
inner  stream  (velocity  and  temperature),  by  the  total  area  and 
corresponding  equivalent  diameter  of  the  inner  and  outer  streams, 
and  by  an  empirical  correction  determined  by  the  velocity  ratio  and 
area  ratio  of  the  two  streams.  The  empirical  correction  is  (reduc¬ 
tion  relative  to  the  conical  nozzle  levels): 

6  “  K  [1  -  4  (V°/V‘  -  0.5)2),  dB  (3-18) 

K  •  10  logl0  (AO/A^)  ♦  5.8,  dB  (3-19) 

where:  a  -  (Predicted  GASPL  for  a  conical  nozzle  based  on  the 

conditions  defined  above)  -  (measured  GASPL  for  the 
dual-flow  nozzle) 

K  •  Area  ratio  effect  upon  a 

V  *  Velocity 

A  «*  Area 
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superscripts : 

o  =  Outer  stream  after  merging  (Section  3.2.2) 
i  =  Inner  stream 

The  data  from  which  these  relationships  were  derived  are  shown  in 
Figures  3-37  and  3-38  for  A  and  K,  respectively. 

This  method  is  applicable  for  the  following  ranges  of  the  vari¬ 
ables:  0.65  <  A°/Ai  <  8.0  and  0.2  <  V°/yl  <  1.0. 

»  When  the  higher  velocity  is  in  the  outer  stream,  the  postmerged 

mixing  noise  is  determined  by  the  momentum-weighted,  mixed  condi¬ 
tions  for  the  two  streams,  assuming  constant-area  mixing  of  the  two 
streams : 


V 

mixed 


V°W0  +  vV 

W°  ♦  W* 


(3-20) 
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where:  V  *  velocity 

Tf  *  total  temperature 
W  *  weight  flow 
o  *  density 

Hie sc  conditions  arc  used  in  the  conical  jet  noise  prediction. 

The  data  check  providing  the  basis  for  this  formulation  of  the 
mixed -st ream  conditions  is  shown  in  Figures  3-39  and  3-40  in  terns 
of  normalised  PWL  versus  for  the  following  ranges  of  vari¬ 

ables  (from  References  37,  38,  and  39):  0.65  <  A'VA*  <  4.0  and  1.0 
<  V°/Vl  <  2,1,  Hie  normalization  used  for  PWL  is  the  same  as  that 
for  a  simple,  conical  nozzle  except  that  thrust,  F$  ■  PAV^/g,  is 
used  rather  than  the  area,  A.  Hie  exponent  on  the  density  normal¬ 
ization  then  becomes  (w-i)  rather  than 
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-3 Q.  Esapericat  Correlation  of  the  Area  Ratio  Ef 
Noise  Reduction  of  Co annular  Nozzles. 
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When  the  flow  velocity  of  the  inner  stream  is  supersonic  based  on  noz¬ 
zle  exit  conditions,  shock-cell  noise  occurs.  It  is  determined  by  the  coni¬ 
cal  prediction  method  (Section  3.3.2)  based  on  the  pressure  ratio,  tempera¬ 
ture,  and  the  equivalent  diameter  (De<j  *  /4A/» )  of  the  inner  stream.  Data 
(Reference  38)  indicate  that  the  outer  flow  does  not  interfere  with  the  prop¬ 
agation  of  this  noise  to  the  far  field. 

The  data  base  used  for  developing  the  correlation  is  shown  in  Table  3-4. 
This  includes  conventional,  dual-flow  nozzles  of  the  type  used  on  high-bypass- 
ratio,  turbofan  engines  and  inverted-flow  nozzle  types  used  on  Advanced  Super¬ 
sonic  Transport  (AST)  study  engines.  Comparisons  of  predicted  and  measured 
data  for  the  suppressed,  dual-flow  nozzles  listed  in  Table  3-4  are  given  in 
Section  3. 3. 5. 3. 


3. 3. 5. 2  Summary  of  Prediction  Elements 

The  following  summarizes  the  dual-flow  prediction  elements  included  in 
the  computer  program: 

1.  The  premerged  mixing  and  shock  noise  are  determined  from  the  sup¬ 
pressor  as  if  it  were  a  single-flow  nozzle,  taking  into  account  the 
radius  ratio  of  the  annular  geometry  of  the  suppressor  in  the 
effect  upon  cutoff  of  high  frequency  noise. 

2.  The  conical  nozzle  correlation  is  used  for  the  postmerged  mixing 
noise  according  to  one  of  the  two  methods  below: 

a.  For  the  outer  stream  velocity  (after  merging  with  ambient  air 
per  Section  3.2.2)  equal  to  or  less  than  the  inner  stream 
velocity,  the  noise  calculated  using  the  inner  stream  con¬ 
ditions  of  velocity  and  temperature,  total  nozzle  flow  area 
(where  the  outer  nozzle  area  is  the  calculated  value  after 
merging  with  ambient  air),  and  an  empirical  adjustment  aa 
developed  in  Figures  3-37  and  3-38  (Equations  3-18  and  3-19), 

b.  For  the  outer-stream,  merged  velocity  greater  than  the  inner- 
stream  velocity,  the  noise  is  calculated  using  the  momentum- 
weighted  mixing  of  the  inner  stream  and  the  conditions  for  the 
outer  stream  (after  the  outer  stream  has  merged  with  ambient 
air)  and  using  the  total  area  as  in  (a),  above,  assuming  con¬ 
stant-area  mixing. 

3.  The  postmerged,  shock-cell  noise  is  determined  based  on  the  inner- 
stream  flow  conditions  and  equivalent  diameter,  assuming  no  effect 
from  the  outer  stream. 
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TabLo  3—4.  Data  Base  for  Dual  Flow  Nozzles 


O)  Ratio  of  oosaltr  annulus  area  to  flow  area  for  the  suppressor  on  the  outer  annulus. 
(2)  Ratio  of  the  flow  area  of  the  annular  ootzle  to  the  flow  area  of  the  inner  nozzle. 
O)  Coaanu lar-coplanar  without  centtf-rbodw  plug. 

(4)  Coannular-noweoplanar  with  center  hot-/  plug. 


3 . 3 . 5 . 3  Data  Comparison  and  Accuracy 


Data  for  a  dual-flow  nozzle  with  a  multitube  suppressor  are  given  in 
Figures  3-41  and  3-42  for  maximum  PNL  and  EPNL,  respectively.  For  this  noz¬ 
zle  (one  set  of  data)  the  80X  confidence  limits  are  +2.3  and  +1.7  on  PNL  and 
EPNL,  respectively.  Figures  3-43  and  3-44  give  PNL  directivity  and  spectra 
for  two  different  operating  conditions  for  this  nozzle. 

PNL  and  EPNL  data  for  dual-flow  nozzles  with  multichute  suppressors  are 
given  in  Figures  3-45  and  3-46,  respectively.  The  80Z  confidence  limits  are 
+1.8  dB  for  PNL  and  +1.6  dB  for  EPNL.  This  nozzle  type  provides  the  best 
check  of  predicted  versus  measured  data  of  any  suppressor  nozzle.  Figures 
3-47  through  3-49  give  PNL  directivity  and  spectra  for  representative  nozzles 
As  for  single-flow  multichute  nozzles,  some  dual-flow  multichute  nozzles 
tested  in  this  program  had  noise  at  140*  several  PNdB  higher  than  predicted. 


3.3,6  Ejector  Nozzles 

3. 3.6.1  Definition  of  Method  and  Date  Base  Used 

This  section  includes  hard-wall  and  treated  ejectors  used  in  conjunction 
with  a  multielement  suppressor.  Hard-wall  and  treated  ejectors  with  an  in¬ 
verted-flow,  coannular  nozzle  having  a  multielement  suppressor  on  Che  outer 
stream  are  also  included.  The  configurations  used  in  evolving  the  correla¬ 
tion  are  defined  in  Table  3-5. 

The  correlation  for  hard-wall,  ejector  nozzles  is  completely  empirical, 
and  extrapolations  beyond  the  range  of  the  data  (defined  in  this  section) 
should  not  be  relied  upon.  Complete  empiricism  was  necessary  because  of  an 
unexpected  aspect  of  the  far-field  directivity:  At  the  angle  of  tuaxioum 
noise  for  an  unshrouded  suppressor  nozzle,  the  effect  of  the  ejector  is  small 
to  negligible;  the  largest  effect  occurs  aft  of  the  refraction  critical  angle 
and  in  the  forward  quadrant,  beyond  30*  in  front  of  the  critical  angle.  This 
is  in  contrast  to  observations  leading  to  the  use  of  an  effective  number  of 
elements  in  a  multielement  suppressor  which  is  roughly  given  by  "you  only 
hear  what  you  can  see."  The  physical  blockage  of  the  llne-of-sight  provided 
by  the  hard-wall  ejector  had  very  little  effect  on  the  maximum  far-field 
noise  (see  Figure  3-50  as  an  example). 


Hard -wall  Ejectors 

Data  on  the  effect  of  adding  a  ha. i  vector  shroud  to  a  multi¬ 
element  nozzle  have  been  correlated  as  summarized  below: 

•  At  the  far-field  angle  equal  to  the  critical  angle  of  refraction 
(per  Equation  3-8)  plus  20*  (approximately  130*  from  the  inlet),  • 
for  the  one-third-octave  band  at  which  the  preoerged  noise  level 
for  the  unshrouded  nozzle  is  the  highest  (fp),  the  reduction  in 
reference  sound  pressure  level  (&SPLg)  is  established  as  given  in 
Figure  3-51  as  a  function  of  the  following: 


y 
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Measured  PKL  Relative  to  Reference.  M,  Ph’dB 


•  The  "Reference"  level  is  the  predicted  value  of  noise  for  each  nozzle, 
at  a  specified  set  of  thermodynamic  conditions,  plus  an  arbitrary 
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Predicted  P8L  Relative  to  Reference,  P,  Pfo'dD 


Figure  3-41,  Correlation  Between  Measured  and  Predicted  Maximum  Per¬ 
ceived  Noise  Level  (PNL)  for  Dual-Flow  Nozzles  with  a 
Multitube  Suppressor  on  the  Outer  Stream. 


en 


•  Flyover  calculation  usin*  atatic  data  corrected  to  free-field  conditions. 

«  The  "Reference"  level  is  the  predicted  value  of  noise  for  each  nozzle, 
at  a  specified  set  of  t hemodynamic  conditions,  plus  an  arbitrary 


Figure  3-42.  Correlation  Between  Heeaured  and  Predicted  Effective 

Perceived  Noise  Level  (EPHL)  for  Dual-Plow  Nozzles  with 
a  Multitube  Suppressor  oo  the  Outer  Stress. 


9j  *  Angle  I  roe  Inlet,  degrees 


Figure  3-43.  PNL  Directivity  of  a  Dual-Flow  Nozzle  with  a  69-Tube 
Suppressor  oo  the  Outer  Stream. 
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2400-ft  Sideline  *—  Predicted 

Data  f roa  Reference  38 


frequency,  tu 


Figure  3-44.  One-third- Octave  Bend  Spectra  for  a  Dual-Flow  Nozzle  with 
a  69-Tubc  °*uppre»eor  on  the  Outer  Stream. 


<fet»*urcd  F?fL  Relative  to  Reference,  «,  PNdB 


•  The  Reference”  level  is  the  predicted  value  oi  noise  for  each  nozzle, 
at  a  specified  set  of  thermodynamic  conditions,  plus  an  arbitrary 
value  of  100  dB. 


Predicted  Pfit  Relative  to  Reference,  P,  PJJtUJ 


Figure  3-4$.  Correlation  Between  Measured  and  Predicted  Maximum  Per¬ 
ceived  Noise  level  (PNL)  for  Dual  Flow  Nosales  with  a 
Multichute /Spoke  Suppressor  on  the  Outer  Stream. 


Flyover  calculation  using  static  data  corrected  to  free-tield  conditions. 
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a  The  "Reference”  level  is  the  predicted  value  of  noise  for  each  nozzle, 
at  a  specified  set  of  thermodynamic  conditions,  plus  an  arbitrary 
value  of  100  dB. 
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Figure  3-46 .  Correlation  Between  Measured  and  Predicted  Effective  Per¬ 
ceived  Noise  Level  (EPML)  for  Dual-Flow  Nozzles  with  a 
Kuitlchute/Spoke  Suppressor  on  Ute  Outer  Stream. 
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Figure  3-49.  Cne-Third-Octave  Band  Spectra  for  a  Dual-Flow  Nozzle  with  a 
40-Chute  Suppressor  on  the  Outer  Stream. 
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Figure  3-51.  Effect  of  Ejector  on  Normalized  Reference  Sound  Pressure 
Level  as  «  Function  of  Nozzle  Pressure  Ratio. 
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-  Nozzle  Pressure  Ratio  (Pt8/Pq);  This  effect  is  shown  on 
Figure  3-51  after  the  ASPLg  has  been  normalized  by  the  other 
variables  discussed  in  the  following  paragraphs. 

Effective  Area  of  the  Ejector  Relative  to  the  Area  of  the 
Nozzle  (Ap ;/An)pf f :  This  effect  is  shown,  by  itself,  in 
Figure  3-52.  The  figure  shows  that  the  aSPLr  is  linear  with 
(Aej/An)  for  each  of  three  values  of  P-pg/P0.  The  slope  so 
established  was  used  in  the  normalization  of  Figure  3-52. 

When  the  nozzle  includes  a  centerbody  plug,  the  effective 
ratio  of  (Aej/An)  is  different  as  established  from  the  avail¬ 
able  data  base  as  shown  in  Figure  3-53. 

Nozzle  Exit  Temperature  (Tg):  This  effect  is  shown  inde¬ 
pendently  in  Figure  3-54.  The  slope  so  established  is  used 
in  the  normalization  of  Figure  3-52. 

-  Ejector  Length  Relative  to  Nozzle  Equivalent  Diameter 
Lpj/Dftq:  This  effect  is  shown  in  Figure  3-55.  In  this  fig¬ 
ure,  Deq  *  /4Ag/t ,  where  Ag  is  the  nozzle  flow  area.  The 
overall  correlation  shown  in  Figure  3-52  uses  these  data  nor¬ 
malized  by  (  Lej/Deq)  -  2. 

•  At  the  frequency  of  peak  premerged  noise,  the  reduction  in  sound 
pressure  level,  (a SPLg)  relative  to  the  reduction  in  reference 
sound  pressure  level  lASPLg)  versus  far-field  angle  is  given  in 
Figure  3-56.  The  far-field  angle  is  normalized  here  by  the  refrac¬ 
tion  critical  angle,  ec. 

•  For  other  one-third -octave  band  freqencies,  the  effect  of  an  ejec¬ 
tor  is  correlated  relative  to  the  premerged  peak  noise  frequency 
(fp),  defined  by  the  one-third-octave  band  frequency  in  which 

the  following  frequency  occurs: 

fp  “  0.3  V8/deq 

where:  Vg  «  nozzle  exit  velocity  (ft/sec) 

deq  «*  equivalent  diameter  of  a  suppressor  element  (ft)  • 
^^elementTt 


The  spectrum  of  Che  reduction  at  any  one-chi rd-octave  freqency  f, 
relative  to  that  at  the  value  of  fp  is  as  shown  in  Figure  3-57. 
The  figure  is  a  plot  of  (ASPLg  -  ASPLf)  verus  (f/fp)  using  60*, 

1 1 0* »  and  130*  data  for  illustrative  purposes.  The  effect  was 
found  to  be  independent  of  angle.  Below  fp,  it  was  assumed  that 
ASPLf  *  ASPLg;  this  is  relatively  unimportant  because  of  the  fre¬ 
quency  range  of  high  noise  levels  genorated  outside  the  ejector. 
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Dual-FI 


Figure  3-56.  Effect  of  Ejector  on  Fsr-Fleld  Directivity  of  Peak,  Preraerged 
One-Third-Octave  Band  Hoise  Level. 


Ejector  on  the  One-Third -Octave  Band  Spectrum  of  the  Far-Field  Noise 


Treated  Ejectors 


The  data  on  the  effect  of  adding  s ingle  -degree-of-f reedom  (SDOF)  acous¬ 
tic  treatment  to  the  ejector  (Reference  40)  has  been  correlated  in  terms  of 
reduction  of  sound  power  level  (aPWL),  one-third-octave  band  SPL  spectra,  and 
far-field  directivity.  The  suppression  expected  from  the  treatment  is  pre¬ 
dicted  analytically  using  the  source-location  information  developed  in  Sec¬ 
tion  3.3.2  (Axial  Distribution  of  Noise),  using  ray  acoustics,  and  taking 
into  account  the  absorption  of  energy  for  each  interaction  of  the  acoustic 
ray  with  the  treatment.  The  analysis  is  predicated  on  the  assumption  that 
the  ejector  does  not  perturb  the  noise  generation;  so,  the  axial  distribution 
of  sources  within  the  ejector  are  the  same  as  for  the  bare  nozzle. 

The  acoustic  ray  analysis  is  illustrated  in  Figure  3-53.  A  line  of  25 
equally  spaced  sources  is  used,  located  axially  from  the  nozzle  exit  station 
to  2.5  times  the  peak  location  downstream  of  the  nozzle  exit  and  located 
radially  at  the  periphery  of  the  outermost  element.  In  a  one-third-octave 
band,  the  range  in  relative  levels  from  the  peak  to  8  dB  below  the  peak  is 
covered  (See  Figure  3-6). 

Angles  of  incidence  from  10*  to  80*  are  used  in  10*  increments,  based 
on  an  omnidirectional  source  distribution,  and  the  reductions  in  PWL  are  de¬ 
termined  for  the  upper  and  lower  band  limits  and  the  midpoint  frequency  of 
all  one-third -octave  bands.  To  determine  the  total  PWL  reduction,  the  number 
of  reflections  of  the  acoustic  ray  associated  with  an  angle  of  incidence  and 
source  location  are  calculated  based  on  the  ejector  length,  diameter,  and  the 
flow  conditions.  The  power  reduction  for  each  reflection  is  determined  as 
discussed  in  the  following  paragraph.  This  reduction  is  then  summed  over  all 
reflections.  Tins  is  repeated  for  each  source  location,  and,  taking  into 
account  the  relative  level  of  each  courts  (Figure  3-6),  the  reduction  is 
summed  over  all  sources-  The  reduction  is  summed  over  each  angle  of  inci¬ 
dence  to  determine  the  total  power  reduction  for  each  frequency.  By  anti- 
logar ithmicatly  averaging  the  reduction  at  the  lover  limiting,  midpoint,  and 
upper  limiting  frequencies,  the  reduction  over  a  one-third-octave  band  is 
approximated . 


To  determine  the  reduction  due  to  each 
the  treatment  resistance  and  reactance  must 
midpoint,  and  upper  limiting  frequencies  of 
The  reduction  in  sound  power  level  (PWL)  is 
two  equations: 


reflection  within  the  ejector, 
be  known  at  the  lower  limiting, 
a  given  one-third-octave  band, 
determined  using  the  following 


*  (1+R  eoS  e^) 2  ♦  (X  cos  e 


(3-24) 


where: 


iff  *  absorption  coefficient 

8  •  normalized  specific  resistance 

S  •  noma l iced  specific  reactance 

Oj  *  incidence  angle,  as  defined  on  Figure  3-58 
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Figure  3-58,  Acoustic  Ray  Analysis  for  Treated 
Ejector. 
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APWL  =  -10  U'gio 


(3-25) 


In  the  case  of  3D0F  treatment,  a  routine  to  determine  the  resistance  and  re¬ 
actance  is  included  in  the  program.  For  other  treatment  materials,  the  resis¬ 
tance  and  reactance  value-.*  as  used  in  Equation  3-2'4  can  be  input  independently. 

To  convert  this  reduction  in  PWL  to  a  reduction  in  SPL,  the  directivity 
must  be  known.  Figure  3-50  shows  an  example  of  the  effect  of  a  created  ejec¬ 
tor  (data  from  Reference  4).  Note  that  the  change  in  SPL  relative  to  the 
hard-wall  ejector  is  greatest  and  approximately  constant  where  the  hard-wall 
ejector  reduction  in  SPL  is  smallest  (70*  to  120*).  At  other  angles  the 
change  in  SPL  due  to  treatment  is  smaller  but  constant  with  angle.  Data  from 
References  4,  38,  and  40  and  from  this  program  have  been  used  to  develop  the 
directivity  correlation  chown  in  Figure  3-59.  The  data  from  Reference  4  is 
plotted  on  the  figure  to  show  representative  correlation. 

For  angles  of  8C  -  50*  to  0C  (6C  defined  by  Equation  3-8)  ASPL  = 

1.2  x  APWL.  For  all  other  angles,  ASPL  »  0.6  x  APWL. 


3 . 3 . 6 . 2  Summary  of  Prediction  Elements  for  Ejectors 

Data  for  a  bare  nozzle  (without  an  ejector)  are  required  in  order  to 
predict  the  far-field  SPL  at  all  angles  and  one-third-octave  band  frequen¬ 
cies.  The  reduction  of  che  reference  sounl  pressure  level  by  a  hard-wall 
ejector  is  established  for  one  angle  at  the  frequency  of  peak  premerged  noise 
by  the  correlation  given  in  Figure  3-51.  Parameters  needed  for  this  purpose 
are:  nozzle  pressure  ratio,  effective  area  of  the  ejector  relative  to  the 
area  of  the  nozzle  (see  Figure  3-53),  nozzle  exit  total  temperature,  and 
ejector  length  relative  to  the  equivalent  nozzle  diameter.  The  corresponding 
value  of  other  angles  is  determined  by  the  correlation  given  in  Figure  3-56; 
che  parameter  needed  for  this  purpose  is  the  refraction  critical  angle  as 
defined  by  Equation  3-8.  Hie  spectral  distribution  is  then  determined  by 
applying  the  correlation  given  in  Figure  3-57  (at  all  angles)  relative  to  the 
frequency  of  peak,  premerged  noise.  The  frequency  of  peak,  premerged  noise, 
£p,  is  estimated  by  means  of  fp  «  0.3  Vg/deq  as  defined  in  the  text  of  Sec¬ 
tion  3.  3.6.1 


Hie  effect  of  adding  treatment  is  determined  analytically  using  ray 
acoustics,  assuming  the  axial  source  distribution  as  for  an  unshrouded  noz¬ 
zle  (Section  3.2.2),  calculating  the  sound  power  absorbed  per  interaction 
with  -he  treatment  (Equations  3-24  and  3-25),  and  determining  the  delta  one- 
third-octave  band  power  level  (APWL)  spectrum  by  summing  for  all  interactions 
for  all  angles  of  incidence.  The  APWL  spectrum  is  converted  to  far-ficld 
ASPL  based  upon  the  correlation  shown  in  Figure  3-59. 
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%  of  FWL  Reduction 
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Figure  3-59.  Directivity  Correlation  Cor  Ejector 
Treatment  Effects. 


3. 3. 6. 3  Data  Comparisons 


Because  of  the  empirical  nature  of  the  hard-wall  correlation,  the  check 
against  avaiable  data  is  already  shown  on  the  correlation  plots-  Figures  3-60 
through  3-64  show  PNL  directivity  and  one-third-octave  band  SPL  comparisons 
for  two  dual-flow  suppressors  and  one  single-flow  suppressor,  all  with  hard- 
wall  ejectors.  Comparisons  of  predictions  versus  data  for  these  nozzles  with¬ 
out  ejectors  have  been  given  in  Sections  3.3.5  and  3.3.3,  respectively. 

For  single-degree-of-freedom  (SDOF)  treatment,  examples  of  predicted 
versus  measured  reduction  in  one-third-octave  band  sound  power  level  (PWL) 
are  given  in  Figures  3-65  through  3-67. 
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Figure  3-63.  PNL  Directivity  and  One-Third-Octave  Band  Spectra  for 
a  66-Tube  Nozzle  with  a  Hard-Wall  Ejector,  1224-ft/aec 
Jet  Velocity. 
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Figure  3-64.  PNl  Directivity  and  One-Third-Octave  Band  Spectra  for 
a  66-Tube  Nozzle  with  a  Hard-Wall  Ejector,  2465-ft/sec 
Jet  Velocity. 
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Figure  3-65.  Treated  Ejector  Insertion  Loss  at  1.4  Pressure  Ratio 
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Figure  3-67.  Trouted  Ejector  Insertion  Loss  at  4,0  Pressure  Ratio 


4.0  THEORETICAL  PREDICTION  METHOD  AND  VERIFICATION  OF  PRINCIPLES 


Certain  basic  concepts  of  jet  noise  generation  and  suppression  have 
evolved  in  the  past  20  years.  The  theoretical  developments  and  basic  experi¬ 
ments  performed  as  part  of  Task  2  of  the  High  Velocity  Jet  Noise  Source 
Location  and  Reduction  Program  have  supported  a  view  of  the  physics  of  jet 
noise  and  suppression/reduction.  The  primary  purpose  of  these  simple  experi¬ 
ments  was  to  verify  basic  suppression  concepts  and  not  to  be  limited  by 
considerations  which  would  be  relevant  to  realistic  engine  system  configura- 
t ions . 

Section  4.1  summarizes  the  key  issues  relevant  to  the  theoretical  model¬ 
ing  of  jet  noise  mechanisms.  This  subject  is  treated  in  depth  in  the  Task  2 
report,  Reference  7.  Section  4.2  describes  the  analytical  model  of  the  the¬ 
oretical  M*G*B  jet  noise  prediction  method  from  Task  2  in  sufficient  depth 
for  Section  4.3  to  present  a  study  to  verify  the  theoretical  principles  by 
direct  comparisons  of  the  theory  with  the  Task  3  data. 


4 . 1  JET  NOISE  MECHANISMS 

The  jet  noise  theories  of  Lighthill  (Reference  41),  Ribner  (Reference 
42)  and  Ffowcs-Williams  (Reference  43)  have  identified  and  quantified  a 
number  of  important,  physical  characteristics  of  jet  noise.  These  include: 
(l)  Che  generation  of  sound  by  small-scale,  random,  turbulent-eddy  fluctua¬ 
tions,  (2)  the  "quadrupoie"  nature  of  the  acoustic  field,  and  (3)  conveetive 
amplification  of  the  sound  due  to  motion  of  the  turbulent-eddy  sources  rela¬ 
tive  to  the  observer.  From  these  theoretical  developments,  a  sealing  prin¬ 
ciple  for  jet  noise  has  been  extracted  (Ahuja  and  Bushell,  Reference  44) 
as  follows: 

P(q)  -  SPL  -  10  log10(\yVrt>f)8-10  log1{)(D/R)2-10  leg^U  +  ^  cos0i)"5 

-io  iog10  uyVrtif)2 

where  C)  *>  (fD/V  )<1  +  eoaP^} 

and  P  -  normalized  sound  pressure  level  (dll) 

SPL  -  far-field  sound  pressure  level  (dll) 

Vj  -  nozzle  exit  jec  velocity 

V  ,  -  reference  velocity 
ref 

1)  -  nozzle  diameter 

R  -  observation  radius 
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M£  -  eddy  convection  Mach  number 

p  -  nozzle  exit  jet  density 

Pre£  -  reference  density 

8^  -  observation  angle  from  inlet  axis  (0^  3  180° 

Q  -  normalized,  Doppler-shifted  frequency 


V 


f  -  observer  frequency 

According  to  this  scaling  principle,  one  should  obtain  a  universal  curve 
of  P  versus  Q  when  far-field  noise  measurements  of  SPL  versus  f  are  normalized 
according  to  Equation  4-1,  regardless  of  jet  velocity,  diameter,  density  (or 
temperature),  frequency,  or  angle  and  radius  of  measurement. 

Recent  careful  experimental  studies  by  Lush  (Reference  45),  Ahuja  and 
Bushel!  (Reference  49),  and  Hoeh,  et  al.  (Reference  46)  show  that  this 
scaling  principle  is  not  able  to  collapse  parametric  data  onto  a  single 
curve.  For  example,  for  cold  jets  at  small  values  of  Q  (source  Strouhal 
number),  the  factor  (1  +  M^.  eosO^)-^  in  Equation  4-1  underestimates  the  varia¬ 
tion  of  noise  with  angle.  Conversely,  at  high  values  of  Q,  this  factor 
overestimates  the  variation  of  noise  with  angle.  For  hot  jets,  the  data  is 
best  correlated  if  the  factor  (pj/pref)^  in  Equation  4-1  is  replaced  by 
(P|/pfpf)w,  where  the  density  exponent  w  is  itself  a  function  of  jet  velocity 
ratio  Vj/C  (C0  is  the  ambient  speed  of  sound).  Only  for  values  of  Vj/C0  in 
excess  of  about  1.3  does  w  approach  the  theoretical  value  of  2.  Also,  the 
observed  effect  of  heating  is  to  bias  the  SPL  spectrum  to  lower  frequencies. 

Most  of  the  above  discrepancies  can  be  resolved  while  retaining  the 
Lighthill  notion  of  ascribing  jet  noise  to  converted  quadruples,  if  the 
fact  that  Che  turbulent  eddies  do  not  communicate  directly  with  ambient 
atmosphere  but  ar*  subject  to  a  shrouding  effect  of  the  mean  jet  flow  is 
accounted  for.  The  classical  theories  (References  41-43)  were  based  on  a 
stationary-wave  equation  acoustic  analogy  which  implicitly  contains  mean-flow 
propagation  effects  in  the  right-hand  side  or  forcing  function.  To  extract 
the  mean-flow  effects  explicitly  requires  further  manipulations  to  arrive  at 
a  governing  equation  for  acoustic  pressure  which  is  clearly  in  the  form  of  an 
inhomo genous  convected-wave  equation  driven  by  convected,  solenoidal,  turbu¬ 
lent  velocity  fluctuations.  Such  an  equation  was  first  derived  by  Phillips 
(Reference  47)  and  has  been  developed  more  fully  by  Lilley  (Reference  48)  and 
Goldstein  and  Howes  (Reference  49).  General  solutions  to  these  convected-wave 
equations  have  been  formulated  by  Pao  (Reference  50),  Tester  and  fiurtin 
(Reference  51),  and  Berman  (Reference  52).  Earlier  works  by  Ribner  (Reference 
42),  Schubert  (Reference  53),  Powell  (Reference  54),  and  Csanady  (Reference 
55)  have  drawn  attention  to  the  importance  of  mean-flow  shrouding  effects. 

Motivated  by  the  desire  to  avoid  obscuring  the  physics  by  complicated 
numerical  approaches,  Mani  (References  56-60)  Iras  developed  closed-form 
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analytical  solutions  to  the  Lilley-Goldstein  type  equation  by  modelling  the 
jet  flow  as  a  simple,  round  plug-flow  jet.  From  these  solutions,  several 
novel  aspects  of  the  jet  noise  problem,  not  discernable  at  all  from  the 
Lighthill  approach,  have  emerged.  These  include  the  following: 

(1)  The  Lighthill  factor  (1  +  Mc  cos  6i)  5  for  directivity  emerges  only 
as  the  limit  for  zero  flow  Mach  number  and  nonzero  eddy-convection 
Mach  number  and  is  not  even  a  good,  low-frequency  approximation.  The 
directivity  is  frequency  dependent. 

(2)  Due  to  mean-flow  shrouding  effects,  i.e.,  inhomogeneity  of  the  flow 
in  the  transverse  direction,  transverse  quadrupoles  exhibit  reduced 
convective  amplification  compared  to  longitudinal  quadrupoles. 


(3)  The  combination  of  refraction  and  wave-trapping  produce  the  ob¬ 
served  fall-off  in  noise  at  angles  close  to  the  jet  axis. 


(4)  Mean-flow  density  gradients  act  to  generate  dipole  and  simple- 
source  terms  which  scale  with  jet  velocity  as  Vj^  and  Vj^, 
respectively,  for  constant  value  of  jet  density.  These  additional 
noise  sources  counteract  the  reduced  emission  of  the  quadrupole 
sources  due  to  heating,  becoming  less  important  as  jet  velocity 
increases,  since  the  quadrupoles  scale  with  jet  velocity  as  Vj8, 


These  aspects  were  all  confirmed  by  Mani  (References  56-60)  through 
extensive  data/theory  comparisons  with  several  sources  of  acoustic  data.  In 
particular,  the  variation  in  noise  with  observer  angle  0^  was  verified  as  to 
frequency  dependence.  Additionally,  the  necessity  for  having  u  variable 
density  exponent  w  was  found  to  be  adequately  explained  by  the  mean- flow 
shrouding  effects  and  attendant  additional  noise  source  contributions  due  to 
heating.  Figure  4-1  shows  the  agreement  obtained  between  theory  and  experi¬ 
ment  for  a  subsonic,  round  jet  in  terms  of  directivity  characteristics. 
Figure  4-2  shows  a  comparison  of  the  empirically  derived  density  exponent 
(w)  with  the  values  inferred  from  the  theoretical  model  as  a  function  of  jet 
velocity  ratio  V.i/C0.  These  results  and  many  other  comparisons  reported  in 
References  59  ana  60  have  conclusively  demonstrated  that  mean-flow  shrouding 
is  an  important  jet  noise  mechanism.  These  studies  have  also  verified  that 
Lighthill 's  original  concept  of  compact  turbulent  eddies  convecting  and 
decaying  with  the  flow  is  a  reasonable  physical  picture  of  jet  noise,  pro¬ 
vided  that  the  influence  of  the  mean  flow  is  properly  accounted  for. 


Another  important  noise  mechanism  for  supersonic  choked  jets  is  the 
interaction  of  convecting  turbulent  eddi^.3  with  the  shock-coil  formations  in 
the  jet.  The  shock-turbulence  interaction  process  can  produce  a  discrete 
tone  or  "screech"  component  which  is  related  to  acoustic  feedback  with  the 
nozzle.  For  actual  engine  nozzles  and  scale  nozzles  operating  at  heated 
engine  cycle  conditions,  this  feedback  mechanism  is  rarely  observed  and  can 
be  "tuned  out"  if  it  does  appear.  The  component  of  major  concern  is  the 
broadband  noise  usually  termed  shock-cell  noise.  Although  shock-cell,  noise 
is  "broadband,"  in  that  it  has  a  wide  spectrum,  it  can  exhibit  a  sharp  peak. 
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Figure  4-1.  Comparison 
Patterns  f« 


Patterns  for  Cold  Jets  (Concluded) . 


A  physical  picture  of  the  shock-cell  noise  mechanism  has  been  proposed 
and  modeled  semiempirically  by  Harper-Bouene  and  Fisher  (Reference  61) . 

This  picture  is  basically  one  of  turbulent  eddies  passing  by  (or  through)  the 
shock  fronts,  disturbing  the  shocks,  and  causing  them  to  emit  acoustic  waves. 
The  acoustic  waves  constructively  or  destructively  interfere  depending  on  the 
shock  spacing,  eddy  convection  velocity,  and  the  life  time  of  a  given  eddy. 
From  the  theoretical  and  experimental  studies  in  Reference  66,  several 
important  features  of  shock-cell  noise  were  revealed,  as  follows: 

(1)  The  overall  sound  pressure  level  (OASPL)  is  independent  of  jet 
temperature. 

(2)  The  OASPL  is  nearly  omnidirectional,  i.e. ,  independent  of  observer 
angle  6±. 

(3)  The  OASPL  varies  as  the  fourth  power  of  the  shock-cell  parameter 
$,  where  3  =  /Mj^-l  and  Mj  is  the  jet  exit  plane  Mach  number  based 
on  isentropic  expansion. 

(4)  The  spectrum  peak  noise  frequency  is  proportional  to  jet  velocity 
and  inversely  proportional  to  shock  spacing. 

Shock-cell  noise  tends  to  dominate  the  total  jet  noise  spectrum  in  the 
forward  quadrant  (0^  <  90°)  at  middle  to  high  frequencies.  This  is  illus¬ 
trated  qualitatively  in  Figure  4-3.  Experimental  evidence,  e.g.,  that  of 
Drevit  et  al.  (Reference  62)  indicates  that  the  basic,  shock-cell,  noise 
strength  is  unaltered  in  flight  and  is  in  fact  amplified  by  the  doppler 
effect  in  the  forward  quadrant  due  to  aircraft  motion,  by  a  factor  (1-Mp 
cos8i)-4,  where  Mp  is  the  flight  Mach  number.  Since  the  turbulent  mixing 
noise  may  possibly  be  reduced  in  flight  in  the  aft  quadrant  (0i  >  90°),  it 
becomes  increasingly  important  to  be  able  to  account  for  shock-cell  noise 
when  predicting  jet  noise  in  flight,  as  it  may  weigh  heavily  on  the  effec¬ 
tive  perceived  noise  level  (EPNL).  This  calls  for  a  thorough  understanding 
of  the  shock-cell  noise  mechanism  and  effects  especially  for  noncircular, 
suppressed  nozzles  contemplated  for  AST  aircraft. 

There  are  other  mechanisms  which  may  contribute  to  the  total  observed 
jet  noise  spectrum,  such  as  lip  noise  and  large-scale  structure.  These 
mechanisms  have  been  studied  in  some  detail  as  part  of  Task  2.  Results  of 
studies  conducted  by  Siddon  (Reference  63)  for  General  Electric  show  lip 
noise  to  be  relatively  insignificant  except  at  very  low  jet  velocities  (Vj/C0 
<  0.7).  Even  at  these  low  velocities,  a  well-designed,  aerodynamically 
clean  nozzle  does  not  exhibit  appreciable  lip  noise.  These  conclusions  are 
based  on  extensive  measurements  of  cross-correlations  between  far-field 
microphones  and  nozzle  flush-mounted  transducers  (both  internal  and  external) 
made  over  a  wide  range  of  nozzle  velocities,  nozzle  types,  and  with  and 
without  external-flow  flight  simulation. 

The  question  of  orderly,  large-scale  structure  as  a  possible  noise 
mechanism  is  more  difficult  to  address.  Studies  conducted  by  Laufer 
(Reference  64)  for  General  Electric  have  not  produced  any  concrete  evidence 
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that  large-scale  structure  is  a  direct  cause  of  noise,  although  it  may  exist 
under  certain  flow  conditions  (e.g.,  low  Reynolds  number).  Extensive  data- 
theory  comparisons  using  a  prediction  model  which  ignores  large-scale  struc¬ 
ture  as  a  noise  mechanism  have  shown  no  consistent  discrepancies  which  could 
be  attributable  to  large-scale  structure. 


4.2  ANALTYICAL  MODEL  DESCRIPTION 


The  unified  aeroacoustic  prediction  model  was  developed  for  predicting 
the  noise  of  arbitrary  jets  as  part  of  the  Task  2  effort.  This  model  is 
based  on  four  primary  sound  generation/emission  mechanisms: 

(1)  Sound  generation  by  small-scale  turbulence  produced  in  the  mixing 
zones  of  the  jet  plume,  convecting  with  the  flow 

(2)  Convective  amplification  due  to  turbulent  eddy  motion  relative  to 
the  observer 

(3)  Mean-flow  shrouding  (fluid  shielding)  of  the  generated  sound 

(4)  Shock-turbulence  interaction  (shock-cell  broadband  noise) 

The  model  utilizes  a  representation  of  the  jet  plume  as  a  "collection" 
of  uncorrelated  (nearly  compact),  turbulent-eddy  multipole  sources.  These 
sources  radiate  sound  with  an  intensity  spectrum  directly  related  to  the 
local  flow  properties,  i.e.,  mean  velocity,  density,  turbulence  intensity, 
and  length  scale.  The  net  radiation  of  the  generated  sound  from  each  eddy 
is  a  function  of  the  flow  environment  of  that  eddy  treated  as  an  acoustic 
wave  propagation  through  a  parallel,  shear-flow  model  of  the  jet  plume. 

The  shock-cell  noise  mechanism  is  modeled  using  extensions  of  the  Harper- 
Bourne/Fisher  (Reference  61)  method.  The  turbulent  mixing  noise  and  shock¬ 
cell  noise  are  assumed  to  be  independent  of  each  other.  Flight  effects 
are  accounted  for  in  both  the  mixing  noise  and  the  shock-cell  noise 
calculations. 

The  prediction  model  contains  four  major  elements:  (1)  an  aerodynamic 
flow-field  prediction  procedure,  (2)  a  sound-flow  interaction  acoustic  model, 
(3)  a  mixing-noise  source  strength  spectrum  model,  and  (4)  a  shock-cell 
noise  prediction.  These  four  elements  are  described  briefly  in  the  follow¬ 
ing  paragraphs. 


4.2.1  Aerodynamic  Flow-Field  Model 


The  aerodynamic  flow  field  is  modeled  using  an  extension  of  Reichardt's 
(Reference  65)  theory.  This  extension  consists  of  superposition  of  elemen¬ 
tal  solutions  of  Reichardt's  theory  to  construct  complex  flows  from  nozzles 
of  arbitrary  cross  section.  This  approach  was  first  suggested  by  Alexander 
et  al.,  (Reference  66)  and  applied  to  suppressor  nozzle  configurations  by 
Lee,  and  Grose  and  Kendall  (References  67  and  68).  Reichardt's  theory  is 
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based  on  the  experimental  observation  that  the  axial  momentum  profiles  in 
the  similarity  region  of  a  jet  (or  wake)  are  bell-shaped  or  Gaussian  in 
shape.  Utilizing  this  observation  and  hypothesizing  a  proportional  rela¬ 
tionship  between  transverse  momentum  and  radial  gradient  of  axial  momentum, 
a  linear  parabolic  governing  equation  for  axial  momentum  of  the  diffusion 
type  was  deduced.  This  equation  has  the  following  form  for  axisymmetric 
flow: 


3F  _  \  a_  r  3F] 

9x  r  9r  U  SrJ 


(4-2) 


where  F  is  the  local  axial  momentum  flux  F  =  (Pu^  -  Pa  ua^)  and  (x,r)  are 
the  axial  and  radial  coordinates,  respectively,  P  is  the  local  density,  and 
u  is  the  local  axial  velocity.  Subscript  "a"  denotes  the  ambient  free- 
stream  values.  The  proportionality  factor  X  =  X  (x)  is  an  empirically 
determined  mixing  constant  which  varies  linearly  with  axial  distance  along 
the  jet.  Alexander,  et  al.  (Reference  66)  have  derived  similar  relations 
for  stagnation  enthalpy  flux;  i.e.,  F  =  PuH  where  H  is  the  local  stagnation 
enthalpy  relative  to  the  free-stream  value. 

Because  the  governing  equations  for  4-2  Pu^  and  PuH  are  linear,  the 
summation  of  elemental  solutions  to  4-2  is  also  a  solution.  This  unique 
feature  of  Reichardt's  theory  permits  the  construction  of  quite  complex 
jet  flow  fields  with  relatively  simple  mathematics.  Although  more  rigorous 
theories  are  available  for  simple  jet  flows,  there  is  no  other  technique 
presently  available  which  offers  the  capability  of  modeling  jet  flows  typical 
of  aircraft  engine  suppressor  nozzles  such  as  multiple-tube,  lobe,  and  spoke/ 
chute  nozzles,  etc. 

In  addition  to  the  mean-flow  quantities  u  and  P,  the  turbulent  shear 
stresses  can  be  deduced  from  the  Reichardt  hypothesis  that  transverse 
momentum  flux  Puv  (v  is  the  transverse  component)  is  proportional  to  the 
transverse  gradient  of  axial  momentum  flux, 

Puv  “  X(3/3r)Pu^  (4-3) 

together  with  an  assumption  that  the  turbulent  shear  stress  is  approximated 
by  t  o  (puV)  a  Puv.  The  primes  denote  fluctuation  component  quantities. 
This  flow  modeling  approach  has  been  applied  to  coannular  jet  flows  by 
Gliebe  and  Balsa  (Reference  69). 


4.2.2  Sound/Flow  Interaction  (Shielding)  Model 

Based  on  the  successful  work  of  Mani  (References  56-60)  in  accounting 
for  mean-flow  shrouding  effects  on  jet  noise,  Balsa  (References  70  and  71) 
has  applied  the  plug  flow  modeling  approach  to  explaining  the  characteris¬ 
tics  of  noncircular  jets.  For  example,  utilizing  low-frequency  approxima¬ 
tions,  a  solution  for  elliptic  jets  was  developed  (Reference  70).  Also, 
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using  a  plug  flow  annular  jet  model,  some  aspects  of  the  flow  shrouding  or 
shielding  which  takes  place  in  multitube  suppressor  nozzles  were  explained. 
Finally,  the  solutions  for  mean-flow  shrouding  effects  in  coannular  nozzles 
were  developed  in  Reference  68. 

It  was  found,  however,  that  for  high  jet  velocities  (Vj/C0  >  1)  and 
high  frequencies  (fD/Vj  >  1),  the  simple  plug  flow  models  with  centerline 
convecting  sources  overestimated  the  mean-flow  shielding  effects.  The  result 
was  too  large  a  dropoff  in  noise  near  the  jet  axis.  It  was  found  necessary 
to  account  for  mean-flow  profile  shape  and  radial  source  location.  Closed- 
form  solutions  for  the  pressure  fields  of  various  high-frequency  convected 
singularities  immersed  in  a  parallel  shear  flow  were  developed  by  Balsa 
(Reference  72),  using  Lilley's  equation.  A  parallel  shear  flow  is  assumed, 
having  continuous  velocity  and  temperature  profiles.  Lilley's  equation  is 
given  by: 
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where 


and  S  =  pD  [Wu'u'] 


(4-5) 


In  the  above,  U  **  U(r),  C  *  C(r),  and  P  *  P(r)  are  the  mean  jet  velocity, 
speed  of  sound,  and  density,  respectively.  The  parameter  A  is  the  Laplacian 
operator,  t  is  time,  and  u'  is  essentially  the  turbulent  velocity  fluctu¬ 
ation.  The  coordinate  system  and  geometry  are  shown  in  Figure  4-4.  Roughly 
speaking,  the  aerodynamic  calculation,  Section  4.2.1  provides  the  distribu¬ 
tions  of  U,  C,  P,  and  S.  Equation  (3-5)  is  solved  in  closed  form  for  the 
acoustic  pressure  by  the  WKBJ  Technique.  In  particular,  the  Green's  func¬ 
tion  is  constructed  for  this  equation  which,  when  convoluted  with  the  actual 
source  function  S,  yields  the  solution  to  Lilley's  equation.  It  turns  out 
that  the  high-frequency  assumption  invoked  in  the  analysis  is  not  very 
restrictive  and  is  generally  fulfilled  for  high-velocity  jets.  A  similar 
approach  was  used  by  Pao  (Reference  50)  for  solving  Phillip's  equation 
(Reference  47) . 

In  solution  for  the  Green's  function,  several  possibilities  arise  depend' 
ing  on  the  zeros  of 
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where  M  *  M(r)  ■  U(r)/C0.  Depending  on  the  observer  angle  8,  the  radial 
velocity  U(r),  and  the  density  P(r)  profiles,  the  parameter  g^  can  have 
one  or  more  zeros  or  turning  points.  The  precise  form  of  the  Green's  func¬ 
tion  depends  on  the  location  of  the  source  with  respect  to  these  turning 
points.  Altogether  there  are  six  possibilities;  for  all  of  these,  closed- 
form  solutions  have  been  obtained. 


125 


/ 


/ 


Some  of  these  correspond  to  (but  are  not  identical  to)  Pao's  (Reference  50) 
SO,  SI,  and  S2  modes.  When  acoustic  shielding  is  encountered  (e.g.,  when 
r0  <  r0,  where  r0  is  the  location  of  the  source  and  r0  is  the  unique  turn¬ 
ing  point),  the  amplitude  of  the  Green's  function  is  exponentially  small  in 
the  far  field;  the  argument  of  this  exponential  being  (-uifi/C0),  where  w  is 
the  source  frequency  and  6  is  the  thickness  of  an  effective  fluid  layer  sur¬ 
rounding  the  source.  Details  of  the  fluid  shielding  calculation  method  are 
given  in  Reference  7, 


4.2.3  Source  Spectrum  Model 

From  the  aerodynamic  flow-field  model  described  in  Section  4.2.1,  mean 
velocity,  density,  and  turbulent  shear-stress  profiles  can  be  computed 
throughout  the  jet.  This  calculation  also  provides  the  characteristic 
strength,  frequency,  and  size  of  the  acoustic  convecting  quadrupole  sources 
that  drive  the  far-field  pressure  fluctuations.  The  characteristic  fre¬ 
quency  and  length  scale  are  determined  from  the  aerodynamic  predictions  of 
u  and  u'  utilizing  the  empirically  derived  similarity  relations  of  Davies 
et  al.  (Reference  73), 
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where  u  is  the  local  mean  velocity,  u'  is  the  local  turbulence  intensity, 
and  w0  and  t  are  the  characteristic  frequency  and  length-scale,  respectively. 

Ribner  (Reference  74)  has  explained  how  the  fundamental  solutions  associ¬ 
ated  with  the  various  quadrupole  types  can  be  employed  to  derive  the  axially 
symmetric  sound  field  of  a  round  jet.  By  employing  a  model  of  homogeneous 
isotropic  turbulence  in  the  moving  eddy  reference  frame,  and  by  examining  the 
directional  average  with  respect  to  the  azimuthal  coordinate  of  the  sound 
field,  Ribner  was  able  to  ascribe  "weighting  factors"  to  the  various  quad¬ 
rupole  contributions.  This  approach  is  employed  in  the  present  model  formu¬ 
lation,  utilizing  the  various  quadrupole  solutions  developed  from  the  high- 
frequency  analysis  of  Lilley's  equation.  The  amplitude  ascribed  to  each  of 
these  quadrupole  types  is  of  the  form 

dl(w)  <u’)4  J*  H(v)  dv  dV/R^C^  (4-8) 

where  dl  (w)  is  the  acoustic  intensity  per  elemental  jet  volume  JV;  is 
the  ambient  density;  u'  is  the  local  turbulence  intensity;  H(v)  u.  t'.-t 
Fourier  transform  of  the  moving-frame,  space-time  cross  correlation  of  u* ; 
and  v  is  the  ratio  of  emission  frequency  w  to  characteristic  frequency  wD. 
Equation  4-8  is  used  to  calculate  the  mixing  noise  amplitude  and  frequency 
content  for  each  volume  element  in  the  jet.  Details  of  the  source  spectrum 
calculation  procedure  are  given  in  Reference  7. 
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4.2.4  Shock-Cell  Noise  Model 


A  shock-cell  noise  model  was  initiated  to  extend  the  work  of  Fisher  and 
Harper-Bourne  (FHB)  to  annular,  dual-flow,  and  multielement  nozzles.  Con¬ 
siderable  scale-model  data  was  taken  to  extract  the  shock-cell  noise  charac¬ 
teristics  of  several  nozzle  types  both  statically  and  in  forward  flight. 

From  detailed  analysis  of  the  data,  it  was  concluded  that  the  FHB  concept 
of  shock  cells  radiating  acoustic  waves  as  they  are  disturbed  by  turbulent 
eddies  is  a  reasonable  physical  picture  of  the  cause  of  shock-cell  broadband 
noise.  The  mathematical  model  of  this  phenomenon  developed  by  FHB  for  static 
conical  nozzles  has  been  generalized  to  more  complex  nozzle  configurations. 

As  mentioned  above,  the  primary  physical  mechanism  for  the  production  of 
broadband  noise  by  the  presence  of  shock  cells  in  the  jet  plume  is  the  emis¬ 
sion  of  acoustic  waves  by  the  shock  fronts  as  they  are  "disturbed"  by  the 
passage  of  turbulent  eddies  through  and/or  by  them.  The  eddies,  produced  in 
the  mixing  layers  of  the  plume,  are  themselves  fluctuating  "blobs"  of  vor¬ 
ticity;  thus,  the  emitted  acoustic  waves  from  the  shocks  have  characteristics 
which  are  related  to  the  unsteadiness  of  the  turbulent  disturbances,  i.e., 
the  characteristic  frequency  and  amplitude.  The  strength  of  the  emitted  wave 
must  also  be  a  function  of  the  shock  strength.  The  process  is  similar  to  the 
linear  "transfer  function"  model  of  Ribner  (Reference  75)  where  a  vorticity 
wave  of  given  amplitude  and  frequency  is  input  to  a  shock,  and  the  output  is 
a  transmitted  vorticity  wave,  an  internally  generated  entropy  wave,  and  a 
pressure  (acoustic)  wave. 

Each  shock  in  the  jet  plume  emits  acoustic  waves  in  a  random  or  broad¬ 
band  fashion,  related  to  the  randomness  of  the  disturbing  turbulence.  The 
far-field,  time-average  correlation  of  this  emission,  after  summing  the  con¬ 
tribution!;  from  all  the  shocks,  produces  a  spectrum  made  up  of  two  basic 
component v .  First,  the  sum  of  the  mean-square  pressure  signals  from  each 
shock  produces  a  "group  spectrum"  which  is  rather  broadband  in  character, 
similar  to  a  jet  mixing  noise  spectrum.  The  second  component,  referred  to 
as  the  "interference  spectrum",  results  from  the  selective  reenforcement  and 
cancellation  winch  occurs  between  emitted  waves  from  neighboring  shocks. 

The  superposition  of  these  two  components  results  in  the  rather  "peaky" 
spectrum  shape  observed  for  shock-cell  noise.  This  is  illustrated  in 
Figure  4-5. 

Through  examination  of  data  from  several  nozzle  types  and  an  evalu¬ 
ation  of  the  FHB  formulation,  a  plausible  extension  of  the  present  FHB  model 
to  noncircular  nozzles  was  developed.  It  was  found  that  the  group  spectrum 
component  (Figure  4-5)  was  dependent  on  flow  area  tor  level  scaling  and  on 
equivalent  diameter  for  frequency  scaling.  The  interference  spectrum,  how¬ 
ever,  scales  with  hydraulic  diameter  or,  more  correctly,  shock-cell  spacing. 
When  the  nozzle  hydraulic  diameter  is  significantly  less  chan  the  equivalent- 
area  diameter,  the  interference  spectrum  is  displaced  to  higher  frequencies, 
resulting  in  a  total  speettura  shape  which  is  quite  different  from  that  of  a 
conical  nozzle,  as  shown  in  Figure  4-6. 
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To  demonstrate  the  validity  of  the  above  hypothesized  model  extension, 
data  from  a  conical  nozzle  and  a  rectangular  6:1  aspect-ratio  nozzle  were 
examined.  Predictions  of  the  shock-cell  noise  spectra  were  made  for  these 
nozzles  using  the  modified  FHB  theory  described  qualitatively  above.  Results 
of  the  calculations  and  comparisons  with  measured  data,  for  a  supercritical 
pressure  ratio  condition  are  shown  in  Figures  4-7  and  4-8.  Figure  4-7  shows 
the  measured  SPL  spectrum  at  6^  =  60*  forward  arc  location,  for  a  1.5-inch 
diameter  conical  nozzle  operating  at  a  pressure  ratio  of  2.65.  Data  for 
three  temperatures  are  shown,  giving  essentially  the  same  shock-cell  noise. 
This  verifies  an  important  feature  of  the  FHB  theory  that  shock-cell  noise 
is  a  function  of  nozzle  pressure  ratio  and  independent  of  jet  temperature. 
Also  shown  is  the  FHB  theory  predicted  spectrum,  which  is  substantially  in 
agreement  with  the  measurements. 

The  corresponding  results  for  a  6:1  aspect-ratio,  rectangular  nozzle 
are  shown  in  Figure  4-8.  Shown  in  this  figure  are  SPL  measurements;  results 
at  two  azimuthal  angles  (♦)  are  included.  These  results  show  that,  even 
though  the  nozzle  is  nonaxi symmetric ,  the  sound  field  produced  by  the  shock 
cells  is  axisymmetric,  or  nearly  so.  Also  shown  ls  a  prediction  of  the 
spectrum  based  on  the  modifications  to  the  FHB  theory  previously  discussed. 
Again  substantial  agreement  with  the  measurements  is  observed,  indicating 
that  the  proposed  extensions  to  the  shock-cell  noise  model  for  round  jets 
to  predict  nonaxisymmetric  jet  behavior  is  a  promising  approach. 


4,2.5  Aeroacoustic  Model  Integration 

The  basic  analytical  model  elements  described  in  Sections  4.2.1  through 
4.2.4  have  been  integrated  into  a  unified,  aeroacoustic  jet-noise-predic¬ 
tion  computational  procedure.  The  jet  plume  is  divided  into  elemental  jet 
volumes,  each  having  its  own  source  strength,  spectrum  and  flow  shrouding, 
as  illustrated  in  Figure  4-9.  The  mean-square  sound  pressure  emitted  from 
such  volume  element  is  given  by 


where  Af  is  the  onu-third-octave  frequency  bandwidth  and 
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is  the  modified  Doppler  factor  (Reference  43). 
factor  argument  is  given  by 
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This  simple,  closed-form  solution,  combined  with  the  simple  aerodynamic 
calculation  method  described  in  Section  4,2,1,  permits  a  rapid,  economical 
computation  of  the  entire  jet  plume  aerodynamic  and  acoustic  characteristics, 
including  far-field  spectra  at  all  observer  angles.  The  contributions  from 
each  elemental  jet  volume  are  simply  added  on  a  mean-square  pressure  basis  in 
each  frequency  band.  The  shock-cell  noise  contribution  is  then  computed 
separately  and  added  to  the  mixing  noise  contribution  to  yield  the  total  far- 
field  spectrum. 


4.3  THEORY/DATA  COMPARISONS  AND  DISCUSSIONS  OF  SUPPRESSION  MECHANISMS 


An  extensive  data/theory  comparison  study  was  carried  out  to  verify 
the  jet  noise  suppression  mechanisms  identified  in  Task  2.  The  Task  2  aero- 
acoustic  jet  noise  prediction  model  summarized  in  Section  4.2  was  used  to 
predict  the  acoustic  characteristics  of  seven  nozzle  configurations  at 
several  operating  points  for  each  configuration.  These  predictions  were 
compared  to  the  experimental  data  obtained  from  the  scale-model  tests  con¬ 
ducted  in  Task  3  and  from  the  Aerotrain  tests  conducted  in  Task  4  of  the 
present  program.  Comparisons  were  made  of  perceived  noise  level  (PNL)  versus 
jet  exhaust  velocity,  PNL  directivity,  and  one-third  octave  sound-pressure- 
level  spectra  at  selected  observer  angles  for  each  configuration.  An  assess¬ 
ment  of  the  relative  importance  of  each  of  the  noise-generation/suppression 
mechanisms  was  made  for  two  of  the  configurations. 

The  purpose  of  this  study  was  to  verify  the  theoretical  jet  noise  model 
established  in  Task  2  and  assess  the  ability  of  this  model  to  adequately 
predict  the  noise  suppression  trends  of  several  classes  of  suppressor  nozzles 
as  a  function  of  geometric  variables,  exhaust  velocity,  and  temperature. 
Utilization  of  the  theoretical  model  to  explain  the  observed  suppression 
characteristics  in  terms  of  the  postulated  mechanisms  summarized  in  Section 
4.1  was  a  secondary  objective  of  this  study. 

The  following  subsections  describe  the  important  results  of  this  study. 

A  brief  description  of  the  nozzle  configurations  analyzed  is  first  given, 
along  with  a  description  of  the  data/theory  comparison  format.  A  summary  of 
the  main  results  of  the  data/theory  comparisons,  in  terms  of  peak  PNL  versus 
jet  velocity,  is  then  given  for  all  configurations.  Detailed  data/theory 
comparisons  for  each  configuration  are  presented  in  separate  subsections 
beginning  with  a  conical  nozzle  and  progressing  in  order  of  complexity  to  the 
dual-flow,  suppressed-fan  nozzle.  A  discussion  of  noise  generation  and 
suppression  mechanisms  follows,  consisting  of  an  assessment  of  the  relative 
roles  of  (l)  turbulent  mixing  alteration,  (2)  fluid  shielding,  (3)  eddy 
convection,  and  (4)  shock-cell  noise  in  producing  the  observed  suppression 
characteristics.  A  separate  discussion  of  flight  effects  on  jet  noise  is 
included,  based  on  data/theory  comparisons  of  three  nozzle  configurations 
tested  on  the  Bert  in  Aerotrain.  The  major  conclusions  drawn  from  the  results 
of  this  study  are  then  listed,  followed  by  appropriate  recommendations. 


135 


4.3.1  Summary  Comparisons  of  PNL  Characteristics  for  Baseline  and 
Various  Suppressor  Nozzles 

Theory/data  comparisons  were  made  for  even  nozzle  configurations.  These 
configurations,  summarized  in  Table  4-1,  are  as  follows: 

1.  Conical  nozzle 

2.  Annular  plug  nozzle,  Rp/Rs  =0.85 

3.  Coplanar,  coannular  nozzle;  A0A^  =  2.0 

4.  36-chute,  turbojet  suppressor;  AR  =  2.0 

5.  8-lobe  daisy  suppressor  nozzle;  AR  =  2.1 

6.  104-tube  suppressor  nozzle;  AR  -  2.8 

7.  36-chute,  suppressed-fan,  dual-flow,  plug  nozzle 

Comparisons  1,  2,  and  3  are  representative  of  baseline  (unsuppressed) 
single  and  dual-flow  exhaust  systems.  Configurations  4,  5,  and  6  are  repre¬ 
sentative  of  the  three  primary  classes  of  suppressors  for  turbojet  applica¬ 
tion  (i.e.,  chute,  lobe,  and  tube).  Configuration  7  represents  a  typical, 
suppressed,  dual-flow  exhaust  system.  Details  of  the  configuration  geometry 
for  these  nozzles  are  given  in  Appendix  A,  Volume  II  of  this  report.  Table 
4-1  lists  the  appropriate  figure  numbers  for  reference. 

The  approach  taken  was  to  compare  predicted  and  measured  noise  charac¬ 
teristics  on  the  basis  of  full-scale  engine  subjective  noise  levels  (PNL). 
Most  of  the  configurations  were  compared  using  a  total  exhaust  flow  area  of 
A.j.  =  338  in.  ^  (J79  engine  size),  at  a  sideline  distance  of  2400  ft.  An 
exception  was  made  for  Configurations  5  and  6,  which  were  analyzed  using 
A'j1  s  108  in.2  (J85  engine  size)  on  a  400-ft  sideline.  Predictions  for 
Configurations  5  and  6  were  then  compared  with  Bertin  Aerotrain  measure¬ 
ments  performed  in  Task  4  both  for  static  and  in-flight  conditions. 

Extensive  data/theory  comparisons  of  Che  jet  noise  aeroacoustic  model 
predictions  with  scale-model  data  have  been  carried  out  in  Task  2  and 
reported  in  the  Task  2  final  report  of  this  program.  The  emphasis  in  those 
comparisons  was  on  the  ability  of  the  model  to  predict  detailed  spectrum 
shapes  for  a  wide  variety  of  nozzle  types  and  operating  conditions.  Detailed 
comparisons  were  also  made  of  the  flow-field  characteristics  to  verify  the 
adequacy  of  the  aerodynamic  portion  of  the  model.  Based  on  these  compari¬ 
sons,  the  strengths  and  weaknesses  of  the  prediction  model  were  identified, 
and  suggestions  for  further  refinements  in  Che  prediction  procedure  were 
made. 


The  present  study  attempts  to  evaluate  Che  prediction  model  in  the 
current  state  of  development,  accepting  the  strengths  and  weaknesses,  as  a 
design  and  analysis  tool  for  full-scale  engine  exhaust  system  subjective 
noise  assessments.  Emphasis  is  therefore  placed  in  this  study  on  the 


prediction  of  sideline  PNL  directivity  and  the  parametric  dependence  of  peak 
PNL  on  jet  velocity  and  geometry.  In  addition,  the  adequacy  of  the  aero- 
acoustic  model  in  predicting  PNL  suppression  relative  to  an  equivalent- 
thrust,  conical-nozzle  baseline  level  is  also  emphasized. 

The  data/theory  comparisons  presented  in  the  Task  2  final  report  were 
generated  during  various  stages  of  the  aeroacoustic  model  development;  there¬ 
fore,  the  results  for  any  one  configuration  may  have  been  produced  by  a 
slightly  different  version  of  the  prediction  model  than  the  results  for  the 
others.  However,  in  the  present  study  all  predictions  were  made  with  the 
final  version  of  the  model  documented  in  the  supplement  to  the  Task  2  final 
report  and  are  therefore  consistent  with  one  another.  The  results  of  the 
present  study,  however,  may  not  necessarily  agree  precisely  with  those 
presented  in  the  Task  2  final  report. 

Shock-cell  noise  is  included  in  the  predictions  for  Configurations  1, 

2,  and  5.  The  more  complex  nozzle  configurations  (3,  4,  6,  and  7)  do  not 
have  shock-cell  noise  included  in  the  predictions.  The  shock-cell  noise 
portion  of  the  model  is  not  sufficiently  developed  to  permit  a  prediction 
for  these  complex  nozzles. 

Full-scale,  engine-size,  noise  predictions  were  made  using  the  Task  2 
jet  noise  aeroacoustic,  prediction  model  for  each  of  the  seven  configura¬ 
tions  listed  in  Table  4-1,  at  several  operating  conditions.  Results  are 
first  presented  in  terms  of  perceived  noise  level.  PNL,  normalized  accord¬ 
ing  to  the  following  relationship: 

PNLN  =»  PNL  -  10  log  (Fs  (T0/T8m) “‘I] 


where  PNL  a  perceived  noise  level,  PNdB 
Fa  a  static  ideal  gross  thrust 
T0  a  ambient  temperature,  *  R 

Tsm  “  s  tatic  temperature  corresponding  to  mass-averaged  velocity  and 
total  temperature,  *  R 

u  «*  jet  density  exponent  (per  SA£  ARP876)  based  on  mass-averaged 
velocity  (Vraa) 
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and  where  "w"  and  TT  are  the  mass  flow  and  total  temperature,  respectively. 
Subscripts  Mi"  and  *'o"  denote  inner  and  outer  stream  exit  plane  values, 
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respectively.  Predictions  of  PNLr  versus  Vma  were  made  and  compared  with 
data  at  observer  angles  of  50*,  90*,  and  peak-noise  angle. 

Figure  4-10  shows  the  comparison  of  experimental  and  predicted  PNLr 
versus  Vma  trends  for  a  conical  nozzle,  Configuration  1.  The  predicted 
levels  are  seen  to  be  within  the  data  band  throughout  the  jet  velocity  range. 
Similar  comparisons  are  shown  in  Figure  4-11  for  Configuration  2,  the  annular 
plug  nozzle.  At  9^  =  50*  the  agreement  is  good.  At  9^  =  90*,  the  level  is 
overpredicted  by  about  2  PNdB  at  low  velocities  (Vma  <  2000  ft/sec).  The 
peak  noise  levels  (Figure  4-11)  are  consistently  overpredicted  throughout  the 
velocity  range  by  as  much  as  5  PNdB.  This  overprediction,  as  will  be  shown 
in  Section  4.3.4,  is  a  result  of  the  predicted  high-frequency  noise  at 
shallow  angles  being  too  high. 

The  results  for  Configuration  3,  the  coplanar,  coannular  nozzle,  are 
shown  in  Figure  4-12.  The  predicted  levels  agree  with  data  at  0£  *  90*, 
but  fall  slightly  below  the  data  at  9^  =  50*  and  at  peak-noise  angle.  This 
underprediction  is,  on  the  average,  about  2  PNdB;  it  is  more  pronounced  at 
higher  mass-averaged  velocities. 

A  comparison  of  predicted  PNL^  versus  Vma  characteristics  for  Configu¬ 
ration  4,  a  36-element,  single-flow-chute  suppressor  nozzle,  is  shown  in 
Figure  4-13.  The  predicted  characteristics  are  within  the  data  band  at  all 
three  angles  shown.  The  characteristics  are  seen  to  be  much  flatter  than 
those  for  the  conical  nozzle  shown  in  Figure  4-10.  The  fact  that  both 
conical-nozzle  and  chute-nozzle  PNLjj  characteristics  are  predicted  accu¬ 
rately  implies  that  PNL  suppression  is  also  predicted  reasonably  well. 

The  8-lobe  nozzle  (Configuration  5)  and  the  104-tube  suppressor  nozzle 
(Configuration  6)  require  considerable  computer  time  for  predicting  the  jet 
plume;  this  is  due  to  the  complex,  three-dimensional  nature  of  the  plume  flow 
field.  Therefore,  only  a  limited  number  of  cases  were  computed  for  these 
configurations,  and  the  trends  of  PNL^  versus  Vma  could  not  be  evaluated. 

The  resulting  measured  and  predicted  PNL  values  for  the  cases  evaluated  are 
listed  in  Table  4-2.  This  table  lists  actual  PNL  values  rather  than  normal¬ 
ized  levels  (PNLfl).  The  measured  values  are  those  obtained  from  the  Bertin 
Aerotrain  tests  conducted  in  Task  4.  The  Aerotrain  conical-nozzle  results 
and  corresponding  predictions  are  also  listed  for  reference.  The  average 
standard  deviation  error  in  PNL  directivity  (predicted  minus  measured)  is 
1.7,  3.3,  and  2.8  PNdB  for  the  conical,  8-lobe,  and  104-tube  nozzles  respec¬ 
tively,  for  all  the  cases  listed  in  Table  4-2,  over  the  range  of  9^  from  20* 
to  160*. 

The  results  for  Configuration  7,  the  36-chute,  suppressed  fan,  dual¬ 
flow  nozzle,  are  shown  in  Figure  4-14.  Again,  it  is  observed  that  the  PNLfl 
versus  Vma  trends  are  well  predicted  by  the  aeroacoustic  model.  Only  at 
low  velocities  (Vma  <  1700  ft/aec),  at  9<  »  50*,  are  the  predictions 
outside  of  the  data  band.  It  is  encouraging  (and  important)  that  the 
characteristics  of  a  multielement,  dual-stream  system  can  be  accurately 
predicted  since  it  is  this  type  of  system  that  is  currently  envisioned  for 
future  SCAR  (Supersonic  Cruise  Airplane  Research)  engine  designs. 
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Figure  4-10.  Comparison  of  Predicted  and  Measured  Sideline  Normalized  PNL  for  a  Conical  Nozzle 
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Figure  4-10.  Comparison  of  Predicted  and  Measured  Sideline  Normalized  PNL  for  a  Conical  Nozzle 
(Cont inued) . 


Figure  <1-10.  Coatparisoo  of  Predicted  and  Measured  Sideline  Normalized  PNL  for  a  Conical  Nozzle 
(Concluded) . 
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Figure  4—12.  Comparison  of  Predicted  and  Measured  Normalized  PN1>  for  a  Coplanar,  Coannular  Nozzle 
(Continued) . 


Figure  <1-12.  Comparison  of  Predicted  and  Measured  Normalized  PNL  for  a  Coplanar,  Coannular  Nozzle 
(Concluded) . 


Figure  4-13.  Comparison  of  Predicted  and  Measured  Normalized  PNL  for  a  36-Chute  Turbojet 
Suppressor  Nozzle. 


WHSi !  •  m 


Figure  4-13.  Comparison  of  Predicted  and  Measured  Normalized  PNL  for  a  36-Chute  Turbojet 
Suppressor  Nozzle  (Continued). 


Figure  4-13.  Comparison  of  Predicted  and  Measured  Normalized  PNL  for  a  36-Chute  Turbojet 
Suppressor  Nozzle  (Concluded) . 
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Figure  4-14.  Comparison  of  Predicted  and  Measured  Normalized  PNL  for  a  36-Chute,  Dual  Flow 
Suppressor  Nozzle. 


Figure  4-14.  Comparison  of  Predicted  and  Measured  Normalized  PNL  for  a  36-Chute,  Dual  Flow, 
Suppressor  Nozzle  (Concluded). 


Early  in  the  Task  3  period,  it  was  intended  that  source-location  measure¬ 
ments  from  the  ellipsoidal  mirror  (EM)  device  microphone  would  be  compared 
with  the  Task  2  aeroacoust ic-model-predicted  source-location  variables  to 
evaluate  certain  assumptions  and/or  hypotheses  in  the  model.  During  formula¬ 
tion  of  the  Task  3  work  elements,  the  model  was  based  on  a  slice-of-jet  con¬ 
cept  which  basically  assigned  an  average  source  strength  and  source  frequency 
to  each  axial  location  in  the  jet  plume.  In  subsequent  development  of  the 
aeroacoustic  model,  the  slice-of-jet  concept  was  abandoned  in  favor  of  a  more 
rigorous  volume-element  or  lump-of-jet  formulation;  wherein,  each  elemental 
volume  of  the  jet  plume  is  assigned  a  source  strength,  characteristic  fre¬ 
quency,  and  spectral  density.  The  ellipsoidal  mirror  microphone  can  only 
measure  the  slice-average  characteristics  and  is  therefore  of  little  use  in 
evaluating  the  prediction  model  source  formulation  and  assumptions  except 
for  very  special  cases.  The  comparison  of  ellipsoidal  mirror  microphone 
data  with  model  predictions  was  therefore  not  carried  out.  However,  ellip¬ 
soidal  mirror  microphone  data  are  presented  in  Section  3.4.5  of  Volume  II 
for  several  suppressor  nozzles. 

The  laser  velocimeter  (LV)  measurements  of  mean  velocity  and  turbulence 
intensity  were  found  to  be  of  much  more  value  than  the  EM  in  evaluating  and 
trouble-shooting  the  aero-acoustic  model,  volume-element  formulation.  Exten¬ 
sive  data/theory  comparisons  of  predicted  and  measured  mean  velocity  and 
turbulence  intensity  profiles  were  carried  out  in  Task  2  and  documented  in 
the  Task  2  final  report.  In  the  present  study,  predicted  flow  field  and  LV 
measurement  comparisons  are  therefore  confined  to  those  situations  which 
are  required  to  illustrate  a  particular  mechanism  or  physical  explanation  of 
observed  acoustic  behavior.  Laser  velocimeter  data  for  several  baseline  and 
suppressor  nozzles  are  presented  in  Section  3.4.4  of  Volume  II. 

In  summary,  the  results  shown  in  Figures  4-10  through  4-14  and  in  Table 
4-2  demonstrate  Chat  the  Task  2  aeroacoustic  prediction  model  is  capable  of 
predicting  the  acoustic  characteristics  of  a  wide  variety  of  nozzle  types 
over  a  wide  range  of  operating  conditions.  It  can  serve  as  an  accurate 
preliminary  tool  for  subjective  noise  assessments  and  nozzle  geometry  optimi¬ 
zation  during  preliminary  design  and  analysis. 


4.3.2  Conical  Nozzle  Pat a/Theory  Comparisons 

The  comparison  of  predicted  and  measured  FNL^  versus  Vj  (also  ^ma^ 
trends  for  a  conical  nozzle  were  discussed  in  Section  4.3.1  and  shown  in 
Figure  4-10.  In  general,  the  agreement  between  predicted  and  measured  trends 
is  adquate.  A  comparison  of  PWL  directivity  patterns  at  three  representative 
jet  velocities  is  shown  in  Figure  4-15.  The  predicted  directivity  patterns 
agree  well  with  the  measurements.  A  comparison  of  SPL  spectra  at  several 
angles  (o^  “  50*,  90*,  and  130*)  is  shown  in  Figure  4-16,  and  the  detailed 
spectrum  shapes  are  well  predicted  by  the  aeroacoustic  model.  From  the 
data/theory  comparison  results  shown  in  Figures  4-10,  4-15,  and  4-16  it  can 
be  concluded  that  the  aeroacoustic  model  adequately  predicts  the  noise 
characteristics  of  conical  nozzles  over  the  range  of  jet  velocities 
evaluated. 
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Figure  4-16.  Predicted  Vs.  Xeasured  SPL  Spectra  for  a  Coe  leal  Nozzle 


4.3.3  Annular  Plug  Nozzle  Data/Theory  Comparisons 


The  annular  plug  nozzle  (Configuration  2)  chosen  for  comparison  has  a 
high  plug-to-shroud  radius  ratio,  Rp/Rs  =  0.85.  This  configuration  is 
typical  of  a  baseline  nozzle  for  a  SCAR  engine  propulsion  system  and  more 
closely  represents  the  baseline  for  hlgh-radius-rat io,  multichute  nozzles. 

As  discussed  in  Section  4.3.1  and  shown  in  Figure  4-11,  the  predicted  PNLfj 
versus  Vj  trends  agree  reasonably  well  with  the  measured  trends  at  *  50* 
and  90",  but  peak  PNLfj  is  overpredicted  throughout  the  velocity  range  by 
3  to  5  PNdB . 

A  comparison  of  PNL  directivity  for  several  jet  velocities  is  shown  in 
figure  4-17.  It  can  be  seen  from  these  results  that  the  PNL  is  predicted 
quite  well  in  the  forward  quadrant,  i.e.,  6^  <  110*.  In  the  range  110*  £ 
140",  however,  the  predicted  PNL  levels  are  higher  than  the  measurements. 

The  corresponding  SPL  spectra  comparisons  are  shown  in  Figure  4-18.  Agree¬ 
ment  between  predicted  and  measured  spectra  is  good  at  6^  =  50*  and  90*. 

At  =  130’  the  low-frequency  portion  of  the  spectrum  is  well  predicted, 
but  the  high-frequency  side  of  the  spectrum  is  overpredicted  by  about  5  dB 
even  though  the  peak  levels  are  in  close  agreement.  Examination  of  the 
spectra  at  n  150*  shows  that,  at  least  at  the  higher  velocities,  the 
predicted  and  measured  spectra  agree  over  the  entire  frequency  range. 

4.3.4  Coplanar,  Coannul ar  Nozzle  Data/Theory  Compari s ons 

The  coplanar,  coannular  nozzle  chosen  for  comparison  has  an  outer-to- 
inner  area  ratio,  A0/Aj ,  of  2.0.  This  nozzle,  Configuration  3,  repre¬ 
sents  a  typical  baseline  for  tba  suppressed-fan,  dual-flow  nozzle  systems. 

In  the  data/theory  comparisons  presented  herein,  only  inverted-flow  condi¬ 
tions  are  considered  since  conventional-bypass,  dual-flow  nozzles  are 
covered  adequately  in  the  Task  2  final  report  and  do  not  fit  into  the  high 
jet  velocity  applications  being  emphasized  in  the  present  study. 

The  predicted  I’NL^  versus  trends  for  the  coplanar,  coaonular 
nozzle  agree  with  the  measured  trends,  as  shown  in  Figure  4-12.  There  is 
a  tendency  to  underprediet  the  peak  PKL^  at  high  values  of  Vm3,  as  show 
in  Figure  4-12,  A  comparison  of  PNL  directivity  patterns  for  two  typical 
points  is  shown  in  Figure  4-19.  The  lower  velocity  case  shows  good  agree¬ 
ment  between  data  and  prediction.  The  higher  velocity  case  shows  good 
agreement  for  9,  $  120’,  but  the  predicted  PNL  falls  below  the  data 
at  large  values  of  ®j,  close  to  the  jet  axis. 

Examination  of  the  SPL  spectra  comparisons.  Figure  4-20,  shows  that  the 
underprediction  of  PNL  near  the  peak  noise  angle  is  due  to  an  underprediction 
of  the  middle-to-high-frequency  noise  (Figure  4-20),  200  *  f  *  2000  Hz,  at 
ft.?  high  values  of  Vfta.  There  is  also  a  consistent  overprediction  of  the 
low- frequency  portion  of  the  spectrum  at  8*  -  50*  and  90*,  at  both  veloci¬ 
ties,  but  this  discrepancy  has  little  or  no  impact  on  the  predicted  PNL. 
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Figure  4-18.  Predicted  Vs.  Measured  SPL  Spectra  for  a 
Convergent,  Plug  Nozzle, 


Figure  4-20.  Predicted  Vs.  Measured  SPL  Spectra  for  a 
Coplanar,  Coannular  Jet. 


4.3.5  36-C.hute,  AR=2.0,  Turbojet,  Suppressor  Nozzle  Data/Theory 
Comparisons 


A  comparison  of  predicted  PNLfl  versus  Vj  (also  Vma)  trends  with 
measurements  for  Configuration  4  are  shown  in  Figure  4-3.  In  general,  the 
predicted  trends  duplicate  the  experimental  trends  quite  well  at  all  three 
angles  shown.  Examples  of  predicted  versus  measured  PNL  directivity 
patterns  are  shown  in  Figure  4-21.  These  examples  demonstrate  reasonably 
good  agreement  between  prediction  and  data.  It  was  found  that,  at  certain 
(as  yet  unpredictable)  combinations  of  velocity  and  temperature,  the  aero- 
acoustic  model  will  give  erroneous  predictions  of  spectra  at  angles  close  to 
the  jet  axis,  usually  at  =  150“  or  160°.  The  cause  is  suspected  to  be 
in  the  numerical  modeling  of  the  fluid-shielding  calculation,  either  in  the 
turning-point  evaluation,  in  the  shielding  factor  integral  evaluation,  or 
the  grid  size  and  curve  fitting  procedures  employed.  The  error  is  obvious 
when  constant-radius  arc  predictions  are  being  performed,  but  is  less  dis¬ 
tinguishable  for  sideline  calculations.  The  “  150°  level  for  Vj  = 

2390  ft/sec,  shown  in  Figure  4-21,  is  a  typical  example;  therefore,  a 
dashed  line  has  been  drawn  between  140°  and  160*  to  indicate  what  the  pre¬ 
diction  would  have  been  if  the  numerical  error  had  not  occurred.  When  the 
error  does  occur,  the  predictions  at  adjacent  angles  are  unaffected  and 
provide  a  test  of  whether  or  not  a  suspected  angle  is  in  error.  For  example, 
Figure  4-22  shows  predicted  SPL  spectra  at  140*,  150*,  and  160*;  it  is 
obvious  from  these  trends  that  the  150*  spectrum  is  in  error. 

Comparisons  of  predicted  and  measured  SPL  spectra  are  shown  in  Figure 
4-23.  The  characteristic  fiat  spectrum  shape  exhibited  by  multichute  nozzles 
is  well  predicted  by  the  theoretical  model.  The  results  shown  in  Figures 
4-13,  4-21,  and  4-23  demonstrate  that  the  aeroacoustic  prediction  model  can 
provide  reasonably  accurate  estimates  of  multichute  nozzle  subjective  noise 
levels,  at  least  for  this  particular  configuration. 

To  evaluate  the  ability  of  the  aeroaeoustic  model  to  predict  the  effects 
of  chute  area  ratio,  predictions  were  made  at  several  jet  velocities  for  two 
additional  suppressor  nozzles  having  area  ratio  of  1.5  and  2.5.  These 
results  were  then  compared  with  the  experimental  results  of  the  chute  area 
ratio  study  presented  in  Section  3.4.2. 1  of  Volume  II.  A  summary  of  these 
predicted  and  measured  results  is  shown  in  Figure  4-24,  where  peak  PNL 
suppression  (relative  to  an  equivalent-thrust,  conical  nozzle)  is  plotted 
versus  jet  velocity.  The  predicted  points  are  denoted  by  symbols;  the  data 
has  been  curve-fit,  and  the  corresponding  lines  are  shown.  These  results 
show  that  a  suppression  peak  can  be  predicted;  i.e.,  suppression  is  not 
constant  with  varying  Vj,  has  a  definite  maximum  at  some  value  of  Vj,  and 
falls  off  with  decreasing  and  increasing  Vj  on  either  side  of  the  peak. 
Although  the  predicted-suppression  curve  (circles)  deviates  from  the  data 
(solid  line)  at  low  velocities,  the  general  trend  and  curve  shapes  are 
consistent . 

Prediction  of  area-ratio  effects  is  confined  to  velocities  of  2000  ft/ 
sec  and  above,  as  seen  in  Figure  4-24.  The  predicted  effect  of  area  ratio 
is  that  suppression  increases  as  area  ratio  increases;  this  qualitatively 
agrees  with  the  measured  effects.  The  predicted  drop-off  in  suppression  at 
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Figure  4-21,  Predicted  Vs,  Measured  PNL  Directivity  for  a  36-Chute, 
Turbojet  Suppressor  Nozzle. 
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Figure  4-23.  Predicted  Vs.  Measured  SPL  Spectra  for  a 
36-Chute,  Turbojet  Supprossor. 


high  velocities  for  AR  =  1.5,  however,  is  not  as  steep  as  the  measured  drop¬ 
off,  as  Figure  4-24  shows.  Also,  the  measured  suppression  curves  tend  to 
come  together  as  Vj  =  2000  ft/sec;  whereas,  the  predicted  suppression  for 
AR  =  1.5  is  “  3  dB  below  that  for  the  other  two  area  ratios. 


4.3.6  8-Lobe  Nozzle  Data/Theory  Comparisons 

A  summary  of  the  data/theory  comparison  cases  made  for  the  8-lobe 
nozzle.  Configuration  5,  is  given  in  Table  4-2.  Figure  4-25  shows  the  com¬ 
parison  of  predicted  and  measured  PNL  directivity  patterns  for  the  static 
cases.  The  corresponding  flight  directivities  at  Va  =  275  ft/sec  are 
shown  in  Figure  4-26.  The  predicted  directivity  patterns  agree  fairly  well 
with  the  data  in  the  forward  quadrant.  Close  to  the  jet  axis,  however,  the 
predicted  PNL  levels  are  considerably  higher  than  the  measured  levels  for 
2  130°.  This  overprediction  is  especially  pronounced  for  the  flight 
cases,  Figure  4-26. 

A  comparison  o*  measured  and  predicted  SPL  spectra  for  the  static  cases 
is  shown  in  Figure  4-27.  The  spectra  at  50*  show  good  agreement  in  the  low 
and  middle  freqeuncies,  but  poor  agreement  at  high  frequencies  for  the  V;  * 
1800  ft/sec  case.  The  peculiar,  high-frequency  peak  at  6300  Hz  exhibited  by 
the  predicted  spectrum  at  1800  ft/sec  is  due  to  the  shock-cell  noise  predic¬ 
tion.  It  is  suspected  that  not  enough  axial  stations  close  to  the  nozzle 
exit  plane  were  included  in  the  computation  to  yield  a  complete  estimate  of 
the  mixing  noise  at  high  frequencies,  at  least  for  the  Vj  =*  1800  ft/sec 
case.  These  observations  also  apply  to  the  *  90*  spectra  comparisons 
shown  in  Figure  4-27. 

The  prediction  method  overestimates  the  high-frequency  portion  of  the 
spectrum  at  angles  close  to  the  jet  axis  ■  130*  and  150*),  as  Figure 
4-27  illustrates.  This  high-frequency  overprediction  at  angles  close  to  the 
jet  axis  is  suspected  to  be  caused  by  inaccuracies,  in  the  fluid-shielding 
calculation,  resulting  from  the  circumferential-averaging  approximation 
employed.  This  effect  is  expected  to  be  most  pronounced  for  the  8-lobe 
nozzle,  of  all  the  configurations  examined,  because  the  lobe  flow  asymmetry 
persists  for  several  diameters  along  the  iet  axis.  Corresponding  SPL  spectra 
comparisons  for  the  flight  cases,  Va  ■  275  ft/sec,  are  shown  in  Figure 
4-28.  In  general,  the  observations  concerning  the  static  spectra  hold  for 
the  flight  spectra  as  well.  The  overprediction  of  Che  high-frequency  noise 
at  angles  close  to  the  jet  axis  is  sore  pronounced  for  Che  flight  case, 
howuver. 


4.3.7  104-Tube  Nozzle  Data/Theory  Comparisons 

A  summary  of  the  data/theory  comparison  results  obtained  for  the  104- 
tube  suppressor  nozzle,  Configuration  6,  is  given  in  Table  4-2.  Two  test 
point  cases  were  computed  with  the  aeroacoustic  prediction,  each  computation 
requiring  1.8  hours  on  a  Honeywell  6080  computer.  These  two  cases  correspond 
to  static  Va  «  0)  and  flight  (Va  ■  275  ft/sec)  points  at  Vj  “  2200  ft/sec. 
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Figure  4-28.  Predicted  Vs.  Measured  SPL  Spectre  ior  an 
8-Lobe  Daisy  Suppressor;  V-  =  275  ft/sec. 


A  comparison  of  predicted  and  measured  PNL  directivity  patterns  is  shown  in 
Figure  4-29.  Although  the  peak  PNL  levels  are  in  good  agreement,  the  pre¬ 
dicted  directivity  is  somewhat  flatter  than  the  measured  pattern.  The  noise 
level  is  therefore  overpredicted  near  the  inlet  axis  and  the  exhaust  axis. 

A  comparison  of  predicted  and  measured  SPL  spectra  is  shown  in  Figure 
4-30.  At  all  angles,  the  predicted  spectrum  shape  is  much  more  peaky  than 
the  measured  shape,  and  the  characteristic  double  peak  is  much  more  pro¬ 
nounced  than  is  evident  in  the  data.  The  predicted  effect  of  flight  on  the 
spectra  are  in  qualitative  agreement  with  the  measured  effect,  as  Figure  4-30 
shows.  A  small  increase  in  SPL.  levels  is  predicted  at  6{  =  50°  due  to 
flight,  Little  or  no  change  occurs  at  9^  =  90",  as  is  observed.  At  0j  = 

130°  and  150",  a  drop  in  noise  due  to  flight  is  predicted  and  observed,  but 
the  drop  at  low  frequencies  is  substantially  larger  than  the  predicted  drop. 

Considering  the  complexity  of  the  104-tube  nozzle  jet  plume  aerodynamics 
and  the  cowl  base-pressure  levels  discussed  in  Section  4.0  of  Volume  II,  the 
predictions  shown  in  Figure  4—29  and  4-30  are  considered  to  bt  as  good  ao 
can  be  expected  without  additional  model  development. 


4.3.8  36-Chute,  Dual-FI ow  Noaale  Data/Theory  Comparison 

The  36-chute,  dual-flow,  suppressor  nozzle  is  the  most  complex  and 
difficult  to  model  of  ail  the  configurations  listed  in  Tahle  4-1.  It  con¬ 
tains  a  multielement,  segmented  suppressor  of  high  element  number  in  combi¬ 
nation  with  dual-flow,  coannular  streams  with  inverted  velotity  profiles. 
Additionally,  the  outer-stream  exit  plane  is  retracted  relative  to  the 
core  (inner  stream)  exit,  and  the  outer  and  inner  streams  have  inner  flow- 
path  boundaries.  The  outer  stream  follows  a  contoured  cowl  up  to  the 
core  lip,  and  the  core  has  a  et*nterbody  or  plug. 

It  was  discussed  in  the  Task  2  final  report  Chat  the  Task  2  aero- 
acoustic  model  applicability  is  limited  for  noncoplanar-exit  geometries 
and  that  certain  eenterbody/plug  geometries  were  difficult  to  model.  For 
the  36-chute,  dual-flow  nozzle  it  was  not  possible  to  account  for  the 
effects  of  both  the  fan  cowl  and  core  plug  with  the  current  version  of  the 
aeroacoust ic  model  computer  program.  The  plug  and  cowl  were,  therefore, 
omitted  entirely  by  modeling  Che  nozzle  on  an  equivalent-area  basis.  The 
core  (inner)  nozzle  was  replaced  by  an  equivalent-area,  conical  nozzle. 

The  fen  (outer)  nozzle  was  replaced  by  an  equivalent-area.,  annular-chute 
nozzle  having  the  same  inner  diameter  as  the  core  nozzle.  The  axial  stagger 
between  the  fan  and  core  nozzles  was  maintained  because  the  computer  pro¬ 
cedure  can  mechanically  accommodate  staggered  nozzle  elements,  subject  to 
the  boundary-impingement  limitations  set  forth  in  Reference  7. 

The  equivalent -area  modeling  of  the  actual  nozzle  geometry  is  illus¬ 
trated  qualitatively  in  Figure  4-31.  The  resulting  fan  suppressor  has  the 
same  flow  area  and  area  ratio  (AH  =  2.0)  as  the  actual  geometry,  but  the 
chute  aspect  ratio  becomes  larger  in  the  equivalent-area  configuration. 
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The  normalized  PNL  versus  mass-averaged  velocity  trends,  predicted 
using  the  equivalent-area  modeling  technique,  gives  excellent  agreement 
with  data  as  shown  in  Figure  4-14.  A  comparison  of  predicted  and  measured 
PNL  directivity  patterns  is  shown  in  Figure  4-32  for  selected  mass-averaged 
velocity  points.  The  agreement  between  predicted  and  measure^  directivity 
patterns  is  good  over  the  entire  range  of  angles  and  velocities  examined. 

Examples  of  SPL  spectra  data/theory  comparisons  are  shown  in  Figure 
4-33.  Again,  the  prediction  model  spectra  agree  well  with  the  measured 
spectra.  Tha  high-velocity  prediction  (Vma  =  2100  ft/sec)  shown  in  Figure 
4-32  contains  an  erroneous  spectrum  at  =  150*  due  to  a  suspected  anomaly 
in  the  numerical  evaluation  of  the  fluid-shielding  effects,  as  discussed  in 
Section  4.3.5.  The  dashed  line  drawn  between  140*  and  160*  for  this  case  in 
Figure  4-32  indicates  the  expected  prediction  in  absence  of  this  anomaly. 


4.3.9  Discussion  of  Suppression  Mechanisms 

A  thorough  discussion  of  jet  noise  generation  and  emission  mechanisms 
has  been  presented  in  the  Task  2  final  report.  This  discussion  has  been 
summarized  briefly  in  Sections  4.1  and  4.2  of  the  present  report.  The 
objective  of  the  present  subsection  is  to  identify  the  relative  roles  these 
mechanisms  play  in  the  suppression  of  jet  noise. 

The  Task  2  M*G*B  aeroacoustic  model,  as  discussed  in  Section  4.2,  is 
based  on  four  noise-generation/emission  mechanisms: 

1.  Turbulent-mixing  noise  generation 

2.  Convective  amplification 

3.  Fluid  shielding 

4.  Shock-cell  broadband  radiation. 

The  preceding  subsections  have  demonstrated  that  the  present  mathematical 
model  representation  of  these  mechanisms  (collectively)  yields  a  fairly 
accurate  prediction  of  the  far-field  acoustic  characteristics  of  turbulent 
jets,  for  a  wide  variety  of  shapes  and  flow  conditions.  It  is  therefore  of 
interest  to  evaluate  how  the  individual  mechanisms  combine  to  yield  the  far- 
field  result;  more  importantly,  the  changes  which  occur  in  these  mechanisms 
due  to  the  addition  of  a  suppressor  to  a  baseline  nozzle  are  of  interest. 

A  parametric  computer  study  was  performed  to  evaluate  the  relative  con¬ 
tributions  of  the  above  four  mechanisms  to  the  far-field  noise  for  both  a 
baseline  conical  nozzle  and  a  typical,  high-suppression,  multielement  nozzle. 
Configuration  4  (the  36-chute,  A8  *  2.0,  turbojet  suppressor)  was  chosen  for 
this  study  as  representative  of  a  high-element  number,  high-suppression  (10- 
12  PN4B),  exhaust  system.  A  typical  static  takeoff  condition  of  Vj  •  2400 
ft/sec  and  T-pj  *  1630*  K  was  selected  for  evaluation.  Both  the  baseline 
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conical  nozzle  and  the  36-chute  nozzle  exit  areas  were  338  in. 2.  Noise 
characteristics  were  evaluated  on  a  2400-ft  sideline. 

The  computations  were  performed  in  four  modes,  as  follows: 

(a)  Complete  acoustic  calculation 

(b)  As  in  (a),  but  shock-cell  noise  omitted 

(c)  As  in  (b),  but  fluid  shielding  omitted 

(d)  As  in  (c),  but  convective  amplification  omitted. 

For  the  chute  suppressor,  mode  (a)  was  omitted  since  the  ability  to  model 
multichute  nozzle  shock-cell  noise  is  not  yet  established.  The  difference 
in  noise  levels  between  modes  (a)  and  (b)  is  a  measure  of  the  shock-cell 
noise  contribution  to  the  total  jet  noise  signature.  The  difference  in 
noise  levels  between  modes  (b)  and  (c)  is  a  measure  of  the  influence  of 
fluid  shielding  on  the  jet  noise.  Finally,  the  difference  in  levels  between 
modes  (c)  and  (d)  indicates  the  amount  of  convective  amplification  that  is 
present  in  the  jet. 

The  results  of  the  above  series  of  computations  are  summarized  in 
Figures  4-34  through  4-37.  Figure  4-34  ahowa  the  PNL  directivity  patterna 
for  the  different  prediction  modea.  Also  ahown  are  the  measured  data,  for 
reference,  which  should  be  compared  with  mode  (a)  predictions  (mode  b  for  the 
chute  nozzle).  Figures  4-35  through  4-37  display  the  corresponding  spectra 
shapes  <l/3-octave  SPL)  st  9*  *  50*,  90*,  and  130*  respectively .  The 
measured  spectra  are  also  shown  in  Figures  4-35  through  4-37  for  reference. 

Considering  the  conical  nozzle  PNL  directivity  patterns,  Figure  4-34a, 
it  is  observed  that  ahock-cell  novae  contributes  substantially  to  the  total 
noise  in  the  forward  quadrant,  <  90*.  Thia  can  be  seen  by  noting  the 
difference  between  mode  (a)  and  mode  (b)  predictions.  There  is  no  contribu- 
*:ir*  of  shock  noise  close  to  the  jet  axis  <9£  >  120*)  because  mode  (a)  and 
.  )  predictions  are  identical  in  thia  region.  There  is  no  fluid  shielding 
for  observer  angles  less  than  about  110*  based  on  compering  mode  (b)  and 
(c)  predictions.  For  9j;  >  110* ,  however,  shielding  effects  become  quite 
substantial,  on  Che  order  of  30  PNdB.  Eddy-convection  effects  are  also 
large;  they  increase  the  noise  in  the  aft  quadrant  (9^  >  90*)  and  reduce 
the  noise  in  the  forward  quadrant  (8^  <  90*).  This  effect  is  apparent 
from  comparing  mode  (c)  and  (d)  predictions. 

The  mode  (d)  prediction  shown  in  Figure  4- 34a  represents  the  basic 
turbulent -mixing  noise  in  absence  of  convection  and  fluid-shielding  effects. 
It  possesses  a  basic  nonconstant  directivity  pattern  dictated  by  the  weighted 
summation  of  various  quadrupole  types  composing  the  turbulent  eddies.  This 
basic  pattern  ia  only  symmetric  about  0^  *  90*  when  the  local  flow  Mach 
number  ia  zero  because  the  quadrupole  weighting  factors  are  s  function  of 
local  Hach  number  and  bias  the  radiation  toward  the  forward  quadrant.  For 
example,  if  the  flow  Mach  number  N  ia  set  equal  to  zero  and  C/C0  ■  C  *  1.0, 
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Equation  (4-6)  shows  that  the  shielding  function  reduces  to  sin^e . 

Hence,  the  mean  square  sound  pressure  from  Equation  (4-9)  will  become  inde¬ 
pendent  of  8.  The  results  shown  in  Figures  4-34  through  4-37  for  mode  d, 
therefore,  do  contain  fluid-sound  interaction  effects.  Only  eddy  convection 
effects  (C)  and  the  exponential  shielding  effects  (6^)  have  been  suppressed. 

The  corresponding  PNL  directivity  patterns  for  the  36-chute  suppressor 
are  shown  in  Figure  4-34b.  The  trends  discussed  above  the  conical  nozzle 
are  qualitatively  similar  for  the  36-chute  nozzle,  with  the  exception  of  the 
shock-cell  noise  contribution.  The  predictions  were  made  neglecting  shock¬ 
cell  noise  (mode  b),  and  yet  the  predictions  agree  with  the  data,  as  Figure 

3- 34b  shows.  This  suggests  that  shock-cell  noise  may  not  be  a  significant 
feature  of  multichute  nozzles.  It  also  appears,  from  the  results  shown  in 
Figure  3-34b,  that  neither  convection  effects  nor  fluid-shielding  effects 
are  as  strong  as  for  the  conical  nozzle. 

The  breakdown  of  mechanisms  for  a  typical,  forward-quadrant  angle  of 
8 £  =  50°  is  shown  in  Figure  4-35.  No  shielding  occurs  at  this  angle; 
therefore,  the  mode  (c)  results  are  omitted,  as  they  are  identical  to  the 
mode  (b)  results.  The  conical  nozzle  results,  Figure  4-35a,  shows  an  inter¬ 
esting  counteraction  among  the  mechanisms.  The  basic  mixing-noise  spectrum, 
mode  (d),  yields  a  high  noise  level,  much  higher  than  the  measured  level. 

The  convection  effect  is  to  Doppler-shift  and  drop  this  spectrum  to  a  level 
significantly  lower  than  the  data  (except  at  very  low  frequencies),  as  indi¬ 
cated  by  the  mode  (b)  prediction.  Finally,  the  addition  of  the  shock-cell 
noise  spectrum  raises  the  spectrum  back  up  to  the  measured  level  at  middle- 
to-high  frequencies. 

The  corresponding  36-chute,  50*  spectrum  results  are  shown  in  Figure 

4- 35b.  The  good  agreement  between  the  mode  (b)  spectrum  prediction  and  the 
measured  spectrum  substantiates  the  implication  drawn  from  Figure  4-34b: 
Shock-cell  noise  is  not  a  significant  source  for  multichute  suppressors. 
Again  the  effect  of  convection  is  to  reduce  the  level  and  Doppler-shift  the 
spectrum  to  lower  frequencies. 

The  breakdown  of  mechanisms  for  the  one-third-octave  SPL  spectrum  at 
6i  -  90°  is  shown  in  Figure  4-36.  Only  the  conical-nozzle  results  are 
shown  for  the  following  reasons.  Fluid-shielding  effects  are  absent  at  90*, 
and  convection  effects  are  less  than  0,5  dB  throughout  the  frequency  range. 
The  shock-cell  noise  was  not  computed  for  the  chute  nozzle;  thus,  the  only 
significant  contribution  at  90*  for  the  chute  nozzle  is  the  basic,  mixing- 
noise  spectrum  (see  Figure  4-23).  The  results  in  Figure  4-36  illustrate 
the  diminishing  effect  of  shock-cell  noise  with  increasing  0j[  (compare  to 
Figure  4-35a)  and  tne  almost  negligible  effect  of  convection. 

Near  the  peak  noise  angle,  8{  ■  130,  convection  effects  again  become 
significant.  They  produce  a  dramatic  amplification  of  the  mixing  noise  os 
the  results  in  Figure  4-37  show.  Another  counteraction  of  mechanisms  occurs 
at  this  angle,  involving  the  competing  effects  of  convection  and  fluid 
shielding.  The  basic,  mixing-noise  spectrum  is  much  lower  than  the  measured 
level,  as  shown  in  Figure  4-37a,  mode  (d).  The  effect  of  convection  is  to 
increase  the  levels  by  as  much  as  40-50  at  high  freqeuncies.  The  effect 
of  shielding,  however,  is  to  reduce  the  noise  levels  by  20  to  30  dB  at  high 
frequencies,  such  that  the  net  noise  levels  agree  with  the  measured  levels. 
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It  is  interesting  to  note  that  the  convection  effect  Doppler-shifts  the 
basic,  mixing-noise  spectrum  to  higher  frequencies  as  would  be  expected  from 
classical  notions  of  moving-source  acoustics.  However,  the  fluid-shielding 
effects,  which  increase  with  increasing  frequency,  attenuate  the  high- 
frequency  portion  of  the  convected  spectrum  to  suer,  a  large  extent  that  the 
resulting  spectrum  peaks  at  a  much  lower  frequency,  lower  than  even  the  basic 
unconvected  spectrum  peak.  This  is  the  explanation  for  the  observed  "reverse 
Doppler  shift"  at  angles  close  to  the  jet  axis. 

The  competing  influences  of  convection  and  fluid  shielding  are  also 
evident  in  the  36-chute  nozzle  predictions  shown  in  Figure  4-37b.  The  magni¬ 
tudes  of  these  effects  are  considerably  smaller  than  those  exhibited  by  the 
conical  nozzle.  For  example,  at  2000  Hz,  the  convective  amplification  is 
22  dB  for  the  chute  nozzle,  compared  to  48  dB  for  the  conical  nozzle  at  the 
same  frequency.  Similarly,  the  fluid-shielding  attenuation  is  only  12  dB  at 
2000  Hz  for  the  chute  nozzle,  compared  to  31  dB  attenuation  for  the  conical 
nozzle. 

The  various  mechanism.0,  can  be  isolated  explicitly  by  examining  the 
differences  between  the  various  prediction  curves  shown  in  Figures  4-34 
through  4-37.  First,  the  total  PNL  suppression  as  a  function  of  is  the 
difference  between  the  conical  and  chute  nozzle  total  noise  PNL  directivity 
patterns.  This  can  be  compared  with  measured  PNL  suppression  and  is  shown 
in  Figure  4-38,  The  'hute  nozzle  prediction  error  at  150*  (see  Section 
4.3.6)  has  been  ret  >•  in  these  results.  The  predicted  total  PNL 
suppression  is  seen  .o  compare  well  with  the  measured  suppression. 

From  the  results  given  in  Figures  4-34  through  4-37,  it  can  be  con¬ 
cluded  that  the  multichute  nozzle  almost  completely  suppresses  the  static 
shock-cell  noise  so  as  to  permit  the  mixing  noiae  to  dominate  the  forward- 
quadrant  spectra.  The  static  shock-noise  suppression  is  then  approxinsted 
by  the  difference  between  mode  (a)  and  (b)  conTcal "nozzle  predictions.  This 
estimated  shock-cell  noise  suppression  is  also  shown  in  Figure  4-38.  The 
shock-cell  noise  suppression  is  seen  to  be  higher  than  the  total  predicted 
suppression  in  the  forward  quadrant;  hence  tome  other  mechanism  is  providing 
negative  suppression,  i.e.,  is  increasing  the  PNL. 

The  suppression  of  convective  amplif icstion  can  be  computed  by  first 
calculating  the  convective  amplification  for  each  nozzle  tPNL(c)  -  PNL(d)), 
and  then  subtracting  the  chute-nozzle  result  from  the  conical-nozzle  result. 
The  convective-amplification  suppression  is  shown  in  Figure  4-38.  Note  that 
it  is  negative  in  the  forward  quadrant;  this  explains  why  the  shock-noise 
suppression  is  greater  than  the  total,  net  suppression. 

In  a  similar  fashion,  the  difference  between  conical-nozzle  f luid- 
shioldinR  attenuation  and  3b-chute-suppressor  fluid-shielding  attenuation 
has  been  computed  from  the  reeults  shown  in  Figure  4-34,  and  this  difference 
is  shown  in  Figure  4-38.  From  this  result,  it  is  apparent  that  a  multi¬ 
element  suppressor  exhibits  reduced  fluid-shielding  effects  relative  to  a 
conical  nozzle;  i.e.,  part  of  the  beneficial  effect  of  fluid  shielding  is 
lost  by  the  addition  of  a  suppressor. 
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Figure  4-38.  PNI,  Suppression  Composition  for  a  36-Chute,  AH 
Suppressor  Nozzle, 


Finally,  the  suppression  of  basic,  turbulent-mixing  noise  generation 
has  been  evaluated  by  subtracting  the  mode  (d)  prediction  for  the  chute 
nozzle  from  the  conical  nozzle,  mode  (d)  prediction.  This  result  is  also 
shown  in  Figure  4-38.  This  basic  mixing-noise  suppression  is  seen  to  be 
quite  small,  from  1  to  5  dB  over  the  range  of  angles  shown,  which  is  contrary 
to  historical  conceptions  of  how  multielement  suppressors  suppress  jet  noise. 
The  multichute  suppressor  in  fact  generates  approximately  the  same  total 
mixing  noise  as  the  equivalent  conical  nozzle  but  redistributes  the  noise  to 
higher  frequencies.  This  conclusion  is  dramatically  illustrated  in  Figure 
4-39,  where  the  basic,  mixing-noise  spectra  (mode  d  computations)  for  the  two 
nozzles  are  compared.  Also  shown  are  these  same  spectra  with  the  atmospheric 
(a’r)  attenuation  removed,  i.e.,  the  lossless  spectra.  The  multichute  loss¬ 
less  spectrum  is  seen  to  have  about  the  same  peak  level  as  the  conical-nozzle 
lossless  spectrum  but  at  a  much  higher  frequency.  The  ratio  of  chute-nozzle 
peak-noise  (lossless)  frequency  to  conical-nozzle  peak-noise  (lossless)  fre¬ 
quency  is  about  6:1.  This  is  precisely  the  ratio  of  conical-nozzle  diameter 
to  chute-element  equivalent-area  diameter. 

The  major  conclusions  to  be  drawn  from  the  above  example  are  that: 

(1)  the  primary  mechanism  responsible  for  static  noise  suppression  in  the 
forward  quadrant  is  shock-  ell  noise  reduction;  (2)  the  basic  mixing-noise 
generation  is  no-  suppressed,  only  redistributed  to  higher  frequencies 
where  atmospheric  attenuation  can  have  a  more  pronounced  effect  on  the 
spectrum  .hape,  and  (3)  the  observed  suppression  in  the  aft  quadrant  is 
primarily  a  result  of  reduced  convective  amplification,  offset  somewhat 
by  a  loss  in  fit  '.d  shielding.  Vnis  delicate  balance  between  convection 
and  shielding  effects  in  the  af*.  quadrant  is  very  difficult  to  predict 
accurately  because  thesj  v.wo  effects  are  of  large  magnitude  but  opposite  in 
si«n.  This  is  dramatically  illustrated  in  Figure  4-40,  where  the  convec¬ 
tion  and  shielding  effects  for  each  of  the  two  nozzles  are  compared. 

The  reduction  in  shocU-cell  noise  produced  by  a  multichute  suppressor 
can  be  explained  by  the  fact  that  bieaking  up  a  large,  round  jet  into  very 
small,  discrete,  rectangular  jets  ill  cause  the  shock-cell  formation  to  be 
dissipated  much  more  rapidly.  The  shock- cel’  spacing®  and  croes-aectional 
dimensions  will  be  much  smaller,  and  the  cells  are  likely  to  be  fewer  in 
number.  The  resulting  broadband  radiation  is  therefore  likely  to  be  much 
lower  in  level  and  higher  in  frequency  than  that  for  a  conical  nozzle. 

The  conclusion  that  the  total  generate*,  mixing  noise  is  not  signifi¬ 
cantly  different  for  a  multichute  suppressor  is  explained  b/  the  fact  that 
the  chute-nozzle  mixing-layer  perimeter  close  to  the  nuzzle  exit  plane  is 
considerably  larger  than  an  equivalent-area  c  mica 1-nozzle  perimeter.  The 
high-frequency  noise  generated  in  the  initial  shear  layers  should  therefore 
be  higher  by  the  ratio  of  perimeters,  provided  the  premerged  portion  of  the 
chute  mixing  layers  have  approximately  the  same  turbulence  characteristics . 
Once  the  chutes  have  merged,  a  large  axisymmetric  jet  forms  which  has  a  sub¬ 
stantially  lower  velocity  than  the  exit  value;  therefore,  the  low-frequency 
noise  levels  should  be  lower  chan  the  corresponding  conical-nozzle  levels. 


187 


Frequency,  Hi 


Figure  4-39,  Comparison  of  Predicted,  Basic,  Turbulent-Mixing 
Noise  Spectra  at  Oj  »  90*  for  a  Conical  and  a 
39-Chute  Noftilo. 
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Figure  4-40.  Modification  of  Basic  Mixing-Noise  PNL  by  Convective 
Amplification  und  Fluid  Shielding. 


The  reduction  in  convection  effects  exhibited  by  a  multichute  nozzle  is 
the  result  of  lower  eddy-convection  velocities.  The  rapid  plume  mean- 
velocity  decay  exhibited  by  a  multichute  nozzle  suggests  that  the  majority 
of  the  noise-producing  turbulent  eddies  in  the  plume  are  convecting  down¬ 
stream  at  a  substantially  lower  velocity  than  in  a  conical  nozzle. 

The  reduced  fluid-shielding  effects  characteristic  of  a  multichute 
nozzle  can  also  be  related  to  the  rapid  plume  velocity  (and  temperature) 
decay.  Fluid  shielding,  as  discussed  in  Section  4.1,  increases  with  increas¬ 
ing  plume  flow  velocity  and  temperature;  therefore,  the  lower  velocity  and 
temperature  levels  resulting  from  the  rapid  chute  element  mixing  provide 
less  fluid  shielding  than  an  equivalent-area  conical  nozzle. 

From  the  above  discussion,  it  can  be  concluded  that  the  best  suppres¬ 
sion  is  achieved  by  producing  the  most  rapid  plume  decay.  This  conclusion 
is  supported  by  the  area-ratio  study  results  shown  in  Figure  4-24  and  dis¬ 
cussed  in  Section  4.3.5.  The  effect  of  chute  area  ratio  (at  high  jet  veloci¬ 
ties)  is  to  reduce  the  noise  as  area  ratio  is  increased.  The  predicted  peak 
axial  mean-velocity  decay  for  the  three  area  ratios  examined  is  shown  in 
Figure  4-41.  The  effect  of  increasing  area  ratio  is  to  produce  more  rapid 
plume  decay,  in  concert  with  the  observed  (and  predicted)  improved  noise 
suppression. 

In  the  above  studies,  the  effects  of  base  pressure  variations  on  nozzle 
plume  aerodynamics  and  acoustic  characteristics  have  been  ignored.  It  is 
suspected  that  multielement  nozzles  (e.g.,  the  36-chute,  AR  ■  1.5,  turbojet 
nozzle)  with  area  ratios  less  than  two  have  significant  base-pressure  reduc¬ 
tion  (relative  to  ambient  pressure).  Large,  base-pressure  effects  have  also 
been  measured  on  the  104-tube  nozzle.  The  effects  of  base-pressure  vari¬ 
ations  on  the  aeroacoustic  characteristics  of  suppressors  would  be  a  useful 
future  study. 


4.3.10  Mean  Velocity  Decay  Characteristics  Data/Theory  Comparisons 

Having  established  a  direct  relationship  between  plume-velocity-decay 
characteristics  and  noise  suppression,  it  is  of  interest  to  examine  the 
ability  of  the  aeroacoustic  model  to  predict  the  observed  changes  in  plume- 
decay  rate  as  a  function  of  nozzle  geometry.  A  comparison  of  the  predicted, 
peak,  mean-velocity  (maximum  mean  velocity  at  any  given  axial  distance), 
axial  distributions  was  made  for  the  seven  nozzles  listed  in  Table  4-1. 

Laser  Velocimeter  (LV)  measurements  taken  on  these  configurations  were 
analyzed  to  evaluate  the  peak-velocity-decay  rates.  The  results  of  these 
comparisons  are  shown  in  Figures  4-42  through  4-48  for  Configurations  1-7, 
respectively. 

The  conical  nozzle  comparisons  (Figures  4-42)  show  that  the  predicted 
decay  is  too  rapid  between  X/Deq  ■  3  and  X/Deq  "  10.  This  is  due  in  part 
to  the  external,  supersonic  expansion  which  takes  place  for  an  underexpanded 
*-t  and  ia  not  accounted  for  in  the  plume-mixing  calculation.  The  Reichardt 
f hod  also  tends  to  predict  more  rapid  diffusion  in  the  potential  core 
-.^ion  than  actually  occurs,  as  discussed  in  the  Task  2  final  report. 
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Figure  4-41.  Comparison  of  Mean-Velocity  Decay  Rates  for  a  36-Chu' 
Nozzle. 
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Figure  <$-45.  Predicted  Vs.  Measured  Mean- Velocity  Axial  Decay;  36-Chute  Nozzle. 


Figure  4-46’.  P'redieted  Vs.  Me  nsured  Mean-Velocity  Axial.  Decay ;  8-Lobe  Nozzle. 


Figure  4-47.  Predicted  Va.  K-esumred  Mean- Ve loci  ty  Axial  Decay;  104-Tube  Nozzle. 


Figure  4-48.  Predicted  Vs.  Measured  Mean-Velocity  Axial  Decay;  36-Chute,  Dual-Flow  Nozzle 


The  plug  nozzle  comparison  (Figure  4-43)  shows  that  the  predicted  decay 
s  much  more  rapid  than  the  measured  decay.  Again,  the  neglect  of  external, 
supersonic  expansion  is  partially  responsible  for  this  discrepancy.  Addi¬ 
tional  reasons  for  the  poor  agreement  are:  (1)  the  neglect  of  guided  expan¬ 
sion  along  the  plug  surface,  and  (2)  a  possible  inadequate  modeling  of  the 
plug  effects  at  high  radius  ratios.  Predictions  of  plug  nozzle  flow-field 
character^ tics  for  a  low  (0.67)  rad -us-ratio,  subsonic  jet  showed  good 
agreement  with  LV  measurements,  as  presented  and  discussed  in  the  Task  2 
final  report. 

The  coplanar,  ccannular  (A0/A£  =  2.0)  nozzle,  volocity-decay  com¬ 
parison  (Figure  4-44)  also  show  that  the  predicted  decay  is  more  rapid  than 
the  measured  decay.  Supersonic  external  expansion  effects  are,  again, 
partially  responsible  for  the  discrepancies.  The  shape  of  the  predicted 
decay  curve  is  similar  to  the  measured  one,  and  a  downstream  shift  of  the 
predicted  curve  by  approximately  two  diameters  would  give  reasonable  agree¬ 
ment  with  the  data. 

The  36-chute,  AR  ■  2.0,  turbojet-nozzle,  velocity-decay  comparisons 
(Figure  4-5)  show  reasonably  good  agreement  between  predictions  and  measure¬ 
ments  for  X/De<j  <  8.  The  downstream,  measured-velocity  levels  (X/De<j  >  8) 
are  somewhat  higher  than  the  predicted  levels.  No  explanation  of  this  dis¬ 
crepancy  has  been  identified,  but  it  is  speculated  that  improper  modeling  of 
the  plug  effects  at  high  radius  ratio  may  be  contributing  to  this  problem 
since  this  nozzle  has  a  large  plug. 

The  8-lobe,  suppressor-nozzle,  velocity-decay  comparisons  (Figure  4-46) 
show  reasonably  good  agreement  between  prediction  and  measurements.  The 
104-Cuue-nozzle  comparisons  (Figure  4-47)  also  show  good  agreement  between 
predictions  and  measurements.  Axial-decay  trends  at  several  radial  loca¬ 
tions  corresponding  to  the  various  tube-row  centerlines  are  shown  for 
comparison. 

Finally,  the  36-chute,  AR  ■  2.0,  dual-flow,  suppressor-nozzle  compari¬ 
sons  (Figure  4-48)  show  good  agreement  between  predicted  and  measured,  peak, 
mean-velocity,  axial-decay  trends. 

In  viewing  all  of  the  moan-velocity-decay  comparisons  as  a  whole,  the 
prediction  model  appears  fo  give  the  correct  trends;  i.e.,  the  higher  element- 
number  and  area-ratio  nozzles  give  more  rapid  decay.  Area  ratio  controls  the 
merged  velocity  level  plateau;  higher  area  ratios  yield  lower  merged-velocity 
levels.  Element  number  controls  how  fast  the  merged-velocity  level  is 
reached;  higher  element  numbers  give  more  rapid  decay  to  the  merged-velocity 
level.  The  prima.y  areas  of  improvement  required  in  the  prediction  are  in 
modeling  the  effect  of  a  plug  and  the  simulation  of  Che  external,  supersonic 
expansion. 

Comparisons  of  predicted  and  measured  turbulence-intensity  levels  were 
not  carried  out  because  the  turbulence  intensity  per  se  is  not  utilized  in 
the  prediction  of  the  mixing  noise.  As  discussed  in  the  Task  2  final  report, 
the  mixing-noise  source  strengths  and  characteristic  frequencies  are  computed 
from  weighted  combinations  of  the  local  values  of  radial,  axial,  and  circum¬ 
ferential  shear  stresses.  The  weighted  combination  of  shear  stresses  is 
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termed  "equivalent  turbulence  intensity,"  but  may  not  be  equal  to  the  axial 
component  of  root  mean  square  turbulence  velocity  as  measured  by  the  LV 
system.  It  was  therefore  judged  that  comparisons  of  these  parameters  would 
not  contribute  to  understanding  of  either  jet  noise  suppression  or  model 
adequacy  and  could  be  misleading. 


5.0  CONCLUSIONS 


The  major  thrust  of  this  study  has  been  to  develop  and  evaluate  an 
empirical,  jet-noise-prediction  method,  designated  M*S,  and  to  further 
evalute  the  Task  2  theoretical  prediction  method,  designated  M*G*B,  by  com¬ 
parison  with  far-field  acoustic  and  mean-velocity  data  for  seven  exhaust 
nozzle  configurations.  The  relative  contributions  of  the  four  noise- 
generation/emission  mechanisms  (turbulent  mixing,  convective  amplification, 
fluid  shielding,  and  shock-cell  broadband  noise)  have  been  quantitively  pre¬ 
dicted  using  the  M*G*B  model  for  conical  and  suppressor  nozzles. 

The  use  of  the  M*S  approach  for  predicting  the  noise  of  high  velocity 
jet  flows  from  suppressor  nozzles  has  resulted  in  a  computer  program  that 
enables  the  prediction  of  the  maximum  sideline  PNL  and  EPNL  (without  flight 
effects)  within  2. A  and  2.1  dB,  respectively,  with  80%  confidence.  Corre¬ 
sponding  limits  for  95%  confidence  are  3.7  and  3.3  dB,  respectively.  Better 
than  average  results  are  obtained  when  predicting  conical  nozzles,  single¬ 
flow  multichute  nozzles,  or  dual-flow  multitube  or  multichute  nozzles.  Below 
average  results  were  obtained  for  single-flow,  multitube  nozzles  primarily 
because  of  the  limitations  of  the  data  base.  Single-  and  dual-flow  nozzles 
with  hard-wall  and  treated  shrouds  were  also  successfully  correlated.  Best 
results  were  obtained  on  the  dual— flow  nozzles  with  the  multichute  suppressor 
on  the  outer  stream. 

The  M*G*B  model  developed  in  Task  2  provides  a  reasonably  accurate  pre¬ 
diction  of  the  acoustic  characteristics  of  suppressor  nozzles.  It  is  capable 
of  discerning  the  effects  of  suppressor  area  ratio  and  element  number  and 
shape  on  the  subjective  noise  levels,  PNL,  for  high  velocity  jets.  The 
suppression  characteristics  of  multielement  nozzles  can  be  explained  by 
means  of  the  four  physical  mechanisms  upon  which  the  prediction  is  based. 

It  is  concluded  that  multielement  suppressors  do  not  substantially  reduce 
the  turbulent-mixing-noise  generation  but,  instead,  redistribute  this  noise 
to  higher  frequencies  where  atmospheric  (air)  attenuation  can  mitigate  the 
effects  on  the  observer  more  easily.  In  the  forward  quadrant,  the  major 
effect  of  a  multielement  nozzle  is  to  substantially  reduce  shock-cell,  broad¬ 
band,  noise  radiation.  In  the  aft  quadrant,  subtantial  suppression  is 
achieved  by  a  reduction  in  convective-amplification  effects.  This  reduction 
is  offset  somewhat  by  an  accompanying  loss  in  fluid-shielding  suppression, 
but  (for  n  "good"  suppressor)  the  net  effect  is  still  a  substantial  noise 
reduction. 

All  of  the  above  reasons  explaining  why  multielement  nozzles  suppress 
Jot  noise  are  related  to  how  fast  the  plume  decays.  High  area-ratio  suppres¬ 
sors  decay  the  jet  to  a  lower  merged  velocity  level  than  do  low  area-ratio 
nozzles,  and  high  element-number  nozzles  yield  more  rapid  decay  to  the 
met ged  velocity  level  than  do  low  element-number  nozzles.  Therefore, 
acoustic  considerations  dictate  high  element  number  and  high  area  ratio  for 
best  suppression. 
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6.0  RECOMMENDATIONS 


Based  on  the  results  obtained  and  the  conclusions  drawn  from  this  study, 
several  recommendations  are  made  relative  to  modeling  and  understanding  the 
characteristics  of  suppressor  nozzles: 

1.  The  empirical  procedure  evolved  in  Task  6  of  this  program  to 
account  for  flight  effects  in  the  prediction  of  jet  noise  should 
be  utilized  in  place  of  the  procedure  included  herein  upon  publi¬ 
cation  of  the  Task  6  Design  Guide. 

2.  The  M*G*B  aeroacoustic-prediction-model ,  aerodynamic-mixing  calcu¬ 
lation  should  be  refined  to  give  a  more  accurate  prediction  of 
plug/centerbody  flow  and  to  include  the  effects  of  external,  super¬ 
sonic  expansion  and  base-pressure  variations. 

3.  The  acoustic-shielding  portion  of  the  M*G*B  model  should  be  further 
refined  to  eliminate  the  shallow-angle  spectrum  numerical-error 
problems . 

4.  The  acoustic  portion  of  the  M*G*B  model  should  be  developed  to 
improve  the  prediction  at  angles  close  to  the  jet  axis,  particu¬ 
larly  for  in-flight  conditions. 

5.  The  shock-cell  noise  portion  of  the  aeroacoustic  model  (M*G*B) 
should  be  extended  to  multielement  and  dual-flow  nozzle 
applications. 


APPENDIX  A 


M*S  ~  ENGINEERING  CORRELATION  MODEL  -  CPC  VERSION 
COMPUTER  PROGRAM  INPUT  AND  OUTPUT  MANUAL 


INTRODUCTION 


This  appendix  documents  the  computer  program  for  the  prediction  of  jet 
noise  by  the  engineering  correlation  method.  The  mathematical  model  appears 
in  detail  in  Section  3.0  of  this  report.  A  description  of  the  computer  pro¬ 
gram  is  provided  in  this  appendix,  including  examples  of  input  preparation, 
output  cases,  and  a  listing  of  the  Fortran  computer  code. 

The  computer  program  is  written  in  Fortran  Y  language.  It  has  been 
programmed  for  use  on  both  the  GE/Honeywell  6080  and  the  CDC  7600  computers. 

The  range  of  valid  application  of  the  program,  the  limiting  assumptions, 
and  documentation  of  the  data  base  used  for  developing  the  correlation  are 
provided  in  Section  3.0  of  this  report. 


PROGRAM  NOMENCLATURE 


Table  A-l  defines  the  Fortran  symbols  used  in  the  program.  The  listing 
and  descriptions  of  input  variables  are  given  in  the  "Input  Description" 
section. 


DESCRIPTION  OF  PROGRAM  AND  SUBROUTINES 


Table  A-2  gives  a  description  of  the  overall  flow  of  the  computer  pro¬ 
gram  including  all  routines  used  in  each  step.  Figure  A-l  gives  a  detailed 
flow  chart  of  the  computer  program  logic.  A  description  of  the  main  program 
and  each  of  the  subroutines  is  given  in  the  following  paragraphs. 

MS  Routine  -  This  routine  reads  the  input  curves  needed  for  the  various 
prediction  routines.  Depending  on  nozzle  type  it  reads  the  nozzle  input, 
initializes  variables,  and  computes  flow  parameters  and  flow  and  physical 
geometries.  The  computation  of  gamma  (ratio  of  specific  heats)  involves  an 
iteration  using  input  temperature  and  pressure  ratio.  Use  of  prediction  sub¬ 
routines  and  the  output  are  controlled  by  this  routine. 

Following  the  preliminary  calculations,  control  is  routed  through  the 
multielement,  conical,  or  dual-flow  section  of  the  program.  In  the  multi¬ 
element  part,  calculations  are  first  made  for  the  postmerged  noise.  The 
coefficients  for  the  Potter  and  Crocker  equation  are  set  up,  and,  because  it 
is  a  third-order  equation  (after  simplification),  a  Newtonian  convergence 
routine  is  used  to  determine  the  first  root.  Density  and  diameter  are  then 
calculated  and  a  check  is  made  for  other  possible  roots.  Static  and  total 
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Table  A-l.  Definition  of  Fortran  Symbols. 


Fortran 

Related 

Symbol 

Meaning 

Subroutines 

A 

Ejector  treatment  parameters 

MS,  EJECTS 

AA8,  A8 

Inner  nozzle  flow  area 

MS,  SHKSUB 

AJ 

Acoustic  angle,  degrees 

MS,  SUB3,  SUB5 

EXTP,  SHKSUB,  EJECTS 

AJA 

Jet  plume  spreading  angle,  radians 

AJR 

Acoustic  angle,  radians 

MS,  EXTP,  EJECTS 

ALT 

Input  altitude  or  arc  distance 

MS,  EXTP 

AN 

Noy  Weighting 

PNLPT 

ANl 

Number  of  elements 

MS 

ASK 

Intermediate  variable 

PNTT8 

AO 

Ambient  speed  of  sound 

MS,  SUB1 

SHKSUB,  PNTT8 

A1 

Intermediate  variable 

MS,  EJECTS 

A1 

Ratio  of  merged  to  exit  area 

MS 

A2 

Ratio  of  merged  to  exit  area 

EJECTS 

A3 

Single-flow  nozzle  total  exit  area 

MS 

A3 

Intermediate  variable 

EJECTS 

A4 

Intermediate  variable 

MS 

A4 

Ejector  treatment  PWL  Insertion  loss 

EJECTS 

A5 

Area  of  multielement  merged  stream 

MS 

A5 

Ejector  treatment  SPL  insertion  loss  at 

given  acoustic  angle 

EJECTS 

A6 

Ratio  of  ejector  inlet  area  to  nozzle 

total  area 

MS,  EJECTS 

A7 

Multielement  nozzle  area  ratio 

MS 

A9 

Outer  nozzle  flow  area 

MS 

B 

Shock  strength  parameter,  8 

SHKSUB 

Bl 

Intermediate  variable 

EXTP 

B2 

Intermediate  variable 

EXTP 

B3 

Intermediate  variable 

EXTP 

B8 

Tube  or  chute/spoke  cant  angle,  radians 

MS 

B9 

Tube  or  chute/spoke  cant  angle,  degrees 

MS 

C 

Normalized  OASPL  jet  mixing  noise  curve-fit 

coefficients 

MS,  SUB1 

CJ 

Ten  dB  down  value  for  EPNL 

PNTT8 

CMAX 

Intermediate  tone  correction 

TrNLC 

Cl 

Jet  mixing  noise  OASPL  corrections 

MS,  SUB1 

C1J 

Intermediate  variable 

EXTP,  SHKSUB 

C2 

Jet  mixing  noise  relative  velocity 

exponents 

MS,  SUB1 

C3 

Inner  stream  specific  heat 

MS 

C4 

Outer  stream  specific  heat 

MS 

C9 

Local  speed  of  sound 

MS,  SHKSUB 

Table  A-l.  Definition  of  Fortran  Symbols  (Continued). 


Fortran 

Related 

Symbol 

Meaning 

Subroutines 

D 

Intermediate  variable 

MS,  PNTT8 

DE 

Hard-wall  ejector  reference  effect  at  6j 

EJECTS 

DEN 

Density  correction  (pj/po)!0 

SUB1 

DTS 

Intermediate  variable 

EXTP 

DJ 

Characteristic  element  dimension 

MS 

DN 

Nozzle  outer  diameter 

MS 

DT 

Tube  diameter 

MS 

DUM 

Intermediate  variable 

SUB1 

DO 

Shock-noise  normalization  parameter 

SHKSUB 

D1 

Reference  far-field  distance 

MS,  EXTP,  SHKSUB 

D2 

Hard-wall  ejector  reference  effect 

EJECTS 

D3 

Ejector  radius  or  diameter 

EJECTS 

D4 

Equivalent  area  diameter 

MS,  EJECTS 

D5 

Merged  flow  diameter 

MS 

D7 

Initial  time  for  EPNL 

PNTT8 

D8 

Nozzle  characteristic  dimension  for  shock 

noise 

MS,  SHKSUB 

D9 

Final  time  for  EPNL 

PNTT8 

E 

Jet  mixing  noise  spectral  distribution  at  0 

SUB1 

El 

Ejector  effect 

EJECTS 

E3 

EPNL 

PNTT8 

E9 

EGA  indicator 

MS,  EXTP,  PNTT8 

F 

Center  frequency 

MS,  EXTP,  SHKSUB 
PNTT8,  EJECTS 

F 

Intermediate  variable 

TPNLC 

FP 

Peak  frequency 

EJECTS 

FO 

Critical  frequency  for  effective  number  of 

elements 

MS 

FI 

Intermediate  variable 

MS,  SHKSUB 

F2 

Intermediate  variable 

MS,  SHKSUB 

F3 

Intermediate  variable 

SHKSUB 

G 

Shock-cell  noise  prediction  input  curve 

MS,  SHKSUB 

GJ 

Critical  refraction  angle  indicator 

MS 

G1 

Intermediate  variable 

SHKSUB 

G2 

Outer  stream  ratio  of  specific  heats,  y 

MS 

G3 

EGA  at  output  distance 

EXTP 

G8 

Intermediate  y 

MS 

G9 

Inner  stream  ratio  of  specific  heats,  y 

MS 

H 

Output  sideline  or  arc  distance 

MS,  EXTP,  PNTT8 

HI 

Intermediate  variable 

SHKSUB 

I 

Index 

MS,  SUB1,  SUB5, 
SUB4,  SUB2,  SUB6, 
EXTP,  SHKSUB,  TPNLC 
PNTT8,  EJECTS 
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Table  A-l.  Definition  of  Fortran  Symbols  (Continued) 


Fortran 

Related 

Symbol 

Meaning 

Subroutines 

IDCASE 

Case  Description 

MS 

IDENT 

Run  Description 

MS 

IM 

Intermediate  variable 

MS 

IP 

Intermediate  variable 

EJECTS 

II 

Indicator 

TPNLC 

HAS 

Noise  component  identification 

MS,  PNTT8 

IICASE 

Case  Description 

MS,  PNTT8 

IIP 

Intermediate  variable 

MS 

ISPLF 

Intermediate  variable 

TPNLC 

J 

Index 

All  Subroutines 

JJ 

Index 

PNTT8,  EJECTS 

K 

Index 

SUB1,  SUB 3 

KK 

Jet  mixing  noise  spectral  distribution 

curve-fit  coefficients 

MS,  SUB1 

KSTART 

Index 

SHKSUB 

KT 

Intermediate  variable 

PNTT8 

K0 

Intermediate  variable 

MS 

K1 

Extrapolation  indicator 

MS,  SUB 3 

K2 

Intermediate  variable 

MS 

K6 

Intermediate  variable 

SUB1,  EJECTS 

K7 

Shock-noise  case  indicator 

MS 

K8 

Index 

SHKSUB,  EJECTS 

K9 

Print  Indicator 

MS 

L 

PNL  calculation  coefficients 

MS,  PNLPT 

LI 

Output  acoustic  range 

EXTP 

L2 

Reflected  axial  source  location 

EJECTS 

L3 

Ejector  length 

EJECTS 

L8 

Ejector  length  effect 

EJECTS 

L9 

Ejector  length  to  suppressor  nozzle 
equivalent  diameter 

M 

Mach  number 

MS,  EJECTS 

HP 

Maximum  PNL 

PNTT8 

MM 

Intermediate  variable 

MS 

N 

Number  of  elements  in  nozzle 

MS 

N1 

Angle  indicator 

MS,  SUBl 

0 

OASPL 

SUB1,  SUB 3,  PNTT8 

OJ 

Critical  refraction  angle 

MS,  EJECTS 

09 

OAPWL 

SUB5,  SUB6,  PNTT8 

P 

PNL 

SUB 3,  PNTT8 

PA 

Air  attenuation 

EXTP 

PJ 

Intermediate  variable 

MS 

PTCOP. 

Tone  correction 

TPNLC 

P0 

Ambient  static  pressure 

MS 

\ 
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Table  A-l.  Definition  of  Fortran  Symbols  (Continued). 


Fortran 

Related 

Symbol 

Meaning 

Subroutines 

PI 

it  (3.14159) 

EXTP,  SHKSUB 

P3 

Frequency 

EXTP,  EJECTS 

P4 

Inner  nozzle  total  to  ambient  pressure 

ratio 

MS 

P5 

Outer  nozzle  total  to  ambient  pressure 

ratio 

MS 

P9 

Nozzle  total  to  ambient  pressure  ratio 

MS 

Q 

Spherical  spreading  effect 

EXTP 

Q1 

Intermediate  variable 

MS,  PNTT8 

Q2 

Jet  mixing  noise  normalization  parameter 

SUB1 

R 

Intermediate  storage  variable 

SUB4,  SUB 6 

RJ 

Ambient  density 

MS,  SUB1 

RJ1 

Intermediate  variable 

SUB1,  PNTT8 

RP 

Centerbody  plug  radius 

MS 

RS,  RR 

Specific  resistance 

EJECTS 

RVE 

Storage 

MS 

RX 

Specific  reactance 

EJECTS 

Rl 

Tube  equivalent  radius 

MS 

R2 

Nozzle  outer  diameter 

MS 

R3 

Inner  flow  density 

MS 

R4 

Chute/spoke  outer  flow  width 

MS 

R5 

Outer  flow  density 

MS 

R6 

Chute/spoke  inner  flow  width 

MS 

R7 

Outer  nozzle  duct  height 

MS,  SUB1 

R8 

Outer  nozzle  radius  ratio 

MS 

R9 

Centerbody  plug  radius 

MS 

S 

Predicted  SPL 

MS,  SUB1,  SUB 3 
SUB5,  SUB4,  SU] 
SUB 6,  SHKSUB, 
PNTT8 

SBAR 

Intermediate  variable 

TPNLC 

SC 

Intermediate  variable 

TPNLC 

SJ 

Intermediate  variable 

MS,  PNTT8 

SL 

Input  sideline  distance 

MS,  EXTP 

SP 

Intermediate  variable 

TPNLC 

SPL 

Intermediate  variable 

TPNLC 

SPLP 

Intermediate  variable 

TPNLC 

SPLPP 

Intermediate  variable 

TPNLC 

SS 

Outer  chute/spoke  width 

MS 

SX 

Source  location 

MS 

SI 

Shock-cell  noise  prediction  input  curves 

MS,  SHKSUB 

S1J 

Outer  element  spacing  to  characteristic 

diameter  ratio 

MS 

S2J 

Relative  source  strength 

EJECTS 
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Table  A-l.  Definition  of  Fortran  Symbols  (Continued) 


Fortran 

Symbol  Meaning 


Related 

Subroutines 


S6 

T 

T 

T 

TC 

TC2 

TC3 

TJ 

TT 

TT3,  T3 

TT4,  T4 

TT5,  T5 

TZ 

TO 

T1 

T2 

T8 

U 

U3 

U5 

V 
VJ 
VO 

VI 
V6 
V7 
V8 

V9 

W 

WE 

WJ 

W4 

W5 

W8 

X 

X 
XJ 
XM 

xo 

XI 
X2 


Nozzle  outer  radius 

Temperature 

PNL 

Flyover  time 

Cutoff  effect 

Intermediate  variable 

Intermediate  variable 

Intermediate  variable 

Intermediate  variable 

Nozzle  total  temperature 

Inner  nozzle  total  temperature 

Outer  nozzle  total  temperature 

Initial  ti\ie  for  EPNL 

Ambient  temperature 

Intermediate  variable 

Intermediate  variable 

Total  temperature 

Arc  or  sideline  indicator 

Nozzle  fully  expanded  velocity 

Outer  nozzle  fully  expanded  velocity 

Intermediate  variable 

Suppressor  merged  velocity 

Aircraft  velocity 

Ratio  of  merged  velocity  to  exit  velocity 
Intermediate  variable 
Intermediate  variable 
Fully  expanded  jet  velocity  input  to  jet 
mixing  noise  routine 
Fully  expanded  jet  velocity  input  to 
shock-cell  noise  routine 
Density  exponent  curve-fit  coefficients 
Density  exponent 
Intermediate  variable 
Inner  stream  weight  flow 
Outer  stream  weight  flow 
Weight  flow 
Source  location 
SPL 

Intermediate  variable 
Point  of  merging 

Potter  and  Crocker  equation  coefficient 
Potter  and  Crocker  equation  coefficient 
Potter  and  Crocker  equation  coefficient 


MS,  EJECTS 

SUB1 

SUB3 

PNTT8 

MS 

TPNLC 

TPNLC 

PNLPT,  PNTT3 

PNTT8 

MS 

MS 

MS,  SUBl 
PNTT8 

MS,  SUBl,  PNTT8 
PNTT8,  EJECTS 
MS 

MS,  SUBl 

MS,  EXTP,  PNTT8 

MS 

MS 

SUB 3,  PNLPT 
MS 

MS,  SUBl, 

SHKSUB ,  PNTT8 

MS 

MS 

MS 

MS,  SUBl 

MS,  SHKSUB 
MS,  SUBl 
SUBl 

SUBl,  PNTT8 

MS 

MS 

MS,  SUBl 

MS,  EJECTS 

SUB 3,  EXTP,  PNLPT 

SUBl,  EJECTS 

MS 

MS 

MS 

MS 
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Table  A-l.  Definition  of  Fortran  Symbols  (Concluded) 


Fortran 

Related 

Symbol 

Meaning 

Subroutines 

X3 

Potter  and  Crocker  equation  coefficient 

MS 

X4 

Specific  reactance 

EJECTS 

Y 

PWL 

SUB5,  SUB4,  SUB6 
PNTT8 

YJ 

Intermediate  variable 

SUB 5,  EJECTS 

Y1 

Intermediate  variable 

MS,  SUB4,  SUB6 

Y1J 

Intermediate  variable 

MS 

Y2 

Intermediate  variable 

MS 

Y9 

Nozzle  type  indicator 

MS,  SUB1 

ZI 

Intermediate  variable 

SHKSUB 

ZJ 

Intermediate  variable 

EXTP,  EJECTS 

ZK 

Intermediate  variable 

SHKSUB 

ZZ 

Effective  number  of  elements  effect 

MS 

Zl 

Intermediate  variable 

SUBl,  PNTT8 

Z2 

Intermediate  variable 

MS 

Z3 

Intermediate  variable 

MS,  PNTT8 

Z5 

Number  of  rows  of  tubes 

MS 

Z8 

Effective  number  of  elements  adder 

MS 

Z9 

Total  number  of  elements  adder 

MS 

Z9 

Constant 

MS,  SUB 2 

Table  A-2.  Overall  Flow  of  Program. 


1.  Read  Input  Curves  (MS). 

2.  Read  Input  and  Calculate  Flow  Parameters  for  each  Stream  (MS). 

The  Following  through  11  are  used  or  Skipped  as  Necessary. 

3.  Determine  Postmerged  Noise  (MS,  SUB1,  SUBS). 

4.  Determine  Premerged  Noise  (MS,  SUB1) . 

5.  Determine  Premerged  Cutoff  and  Shielding  Effects  (MS). 

6.  Calculate  Ejector  Effects  and  Correct  the  Premerged  Noise  (MS,  EJECTS, 
SUBS). 

7.  Sum  the  Premerged  and  Postmerged  Noise  (SUB6) . 

8.  Calculate  Shock  Noise  for  Outer  Stream  and  Apply  Cutoff,  Shielding, 
and  Ejector  Effects  (MS,  SHKSUB,  EJECTS,  SUB5) . 

9.  Add  to  the  Sum  of  Premerged  and  Postmerged  (SUB6). 

10.  Calculate  Shock  Noise  for  Inner  Stream  (MS,  SHKSUB,  SUBS) . 

11.  Add  to  the  Sum  of  Premerged  and  Postmerged  and  Outer  Stream  Shock 
(SUB6) . 

12.  Extrapolate  and  Calculate  OASPL,  PNL  and  PNLT  (this  may  be  done  after 
each  Component  is  Calculated  for  Print  Purposes)  (SUB3). 

13.  Print  Output  and  Calculate  EPNL  (PUTTS). 


210 


figure  A-l,  Computer  Program  Plow  Chart  (Continued) 


Figure  A-l.  Computer  Program  Flow  Chart  (Continued) 


Figure  A-l,  Computer  Program  Flow  Chart  (Continued). 
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Figure  A-l, 


Computer  Program  Flow  Chart  (Continued). 
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Figure  A-l.  Computer  Program  Flow  Chart  (Continued) 
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Figure  A~l.  Computer  Program  Flow  Chart  (Continued). 


223 


b)  SUBROUTINE  SUB3 


PVguitf  A-J.  C<w#j>uter  Prograa  Flowchart  (CvuttnuiKt), 
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Figure  A- 1.  Computer  Program 

Flovpath  (Cootlaucu), 
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d)  SUBROUTINE  SUB4  e)  SUBROUTINE  SUB2 


DO  FOR 
24  FREQ 


SET  R  =  S 
FOR  15 
ANGLES 


SET  Y1  -  Y 


L 


RETURN 


APPLY 

CORRECTION 
TO  S  ARRAY 


Figure  A-l.  Computer  Program 

Flowchart  (Continued). 
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f)  SUBROUTINE  SUB6 


Figure  A-l.  Computer  Program 

Flowchart  (Continued). 


SET  10  DB 
DOWN  POINTS 

E 

DETERMINE  INITIAL 
TIME  (EXTRAPOLATING 
USING  FIRST  TWO 
POINTS  IF  NECESSARY 

t 

DETERMINE  FINAL 
TIME  (EXTRAPOLATING 
USING  LAST  TWO 
POINTS  IF  NECESSARY 

r~r~ 


INTEGRATE  BETWEEN 
10  DB  DOWN  POINTS 


Figure  A-l,  Computer  Progrum 

Flowchart  (Continued) 


i)  SUBROUTINE  EJECTS 


Figure  A-l.  Computer  Program  Flowchart  (Continued). 
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Figure  A-l.  Computer  Program  Flowchart  (Continued). 
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SUM  OVER  LOWER 
LIMITING,  CENTER 
AND  UPKR 
LIMITING 
FREQUENCY 

T  ... 

CALCULATE 
PWL  REDUCTION 

T~ 

DETERMINE 

REDUCTION 

DIRECTIVITY 

t 

ADD  RESULTING 
SPL  REDUCTION 
TO  HARDWALL 
EJECTOR  EFFECT 


NO  FLOW  CHART  IS  SUPPLIED  TOR  THE  FOLLOWING 
ROUTINES  DECAUSE  OF  TIES  COMPLETE  NATURE  OF 
THEIR  DOCUMENTATION  IN  PUBLISHED  LITERATURE 

•  SHKSUD 

•  TNLPT 

•  TPNLC 


Figure  A-l.  Computer  Program  Flow 
Chart  (Concluded) . 
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temperature  are  determined,  the  input  variables  to  the  conical  nozzle  noise 
routine  are  set  and  the  noise  is  calculated.  This  component  is  then  extra¬ 
polated  and  printed  if  desired. 

The  premerged  noise  is  then  calculated.  The  effective  number  of  tubes 
and  the  critical  angle  are  determined.  Then  the  length  of  the  potential 
core,  Xc,  the  point  of  merging  (used  for  cutoff  only),  and  the  radius  ratio 
are  determined.  The  axial  location  of  the  beginning  of  peak  noise  generation, 
X„,  and  the  critical  frequency  for  absorption  are  calculated  before  entering 
tne  frequency  loop  to  calculate  source  locations,  absorption  effects,  and 
cutoff  effects.  These  are  then  applied  to  all  angles  forward  of  critical 
with  angles  aft  of  critical  set  equal  to  critical  angle  SPL.  Ejector  effects 
are  determined  and  applied  before  extrapolation  and  printing  (if  desired). 
Shock-cell  noise  (if  applicable)  is  determined  after  summing  the  premerged 
and  postmerged  components.  It  is  then  corrected  for  ejector  effects  and 
multielement  corrections  are  applied,  extrapolated,  printed,  and  added  to  the 
other  components.  The  total  is  then  extrapolated  (if  required)  and  printed, 
and  a  return  is  made  for  the  next  case. 

The  conical  part  of  the  routine  calculates  the  conical  mixing  noise  and 
shock  noise,  extrapolates  and  prints  them  separately  if  desired,  sums  them, 
and  prints  the  total;  after  which,  a  return  is  made  for  the  next  case. 

The  coannular  part  uses  the  premerged  and  postmerged  routines  of  the 
multielement  part  if  a  suppressor  is  involved.  Variables  are  set,  and,  if  a 
suppressor  is  involved,  the  postmerged  routine  of  the  multielement  part  is 
entered  to  calculate  merged  flow  conditions.  Mixed  conditions  are  then 
determined  and  the  merged  noise  is  calculated,  extrapolated,  and  printed  (if 
desired) . 

The  premerged  noise  is  now  calculated  depending  on  whether  a  suppressor 
is  present  or  not.  This  component  is  extrapolated,  printed  if  desired,  and 
added  to  the  postmerged.  Outer-stream,  shock-cell  noise  is  determined, 
depending  on  whether  a  suppressor  is  present  or  not,  extrapolated,  printed 
(if  desired),  and  added  to  the  other  components.  Finally,  the  inner  stream 
shock  is  computed,  extrapolated,  printed  (if  desired),  and  added  to  the  other 
components.  The  total  now  is  extrapolated  as  required,  printed,  and  control 
is  returned  for  the  next  case. 

SUB1  Subroutine  -  This  subroutine  provides  SAE  ARP  876  (1975  revision) 
conical  nozzle  noise  predictions.  Use  and  limitations  are  as  described  in 
Appendix  C.  Output  from  this  routine  is  on  a  one-foot  arc.  Basically, 
polynominal  curve  fits  of  the  data  in  Appendix  C  were  used.  A  correction  was 
made  to  the  predicted  OASPL  to  increuse  the  accuracy  of  the  routine  based  on 
available  data  on  suppressor  nozzles.  This  correction  amounts  to  +1  dB  at 
all  angles  and  frequencies. 


234 


SUB3  Subroutine  -  This  routine  resets  the  variables  for  input  into  the 
extrapolation  and  PNL  calculation  subroutines.  It  determines  if  extrapolation 
is  required  and  calls  EXTP.  PNLPT  is  called  to  determine  PNL  and  OASPL. 

TPNLC  is  called  from  PNLPT  to  determine  PNLT.  The  variables  are  then  reset 
maintaining  the  newly  calculated  values. 

SUB5  Subroutine  -  This  routine  calculates  sound  power  level  from  sound 
pressure  level  for  each  one- third-octave  band  and  then  anti logarithmically 
sums  to  obtain  the  overall  levels. 

SUB4  Subroutine  -  This  routine  places  previously  calculated  sound  pres¬ 
sure  level  and  sound  power  level  in  other  variable  name  storage  for  future 
use  in  the  program. 

SUB2  Subroutine  -  This  routine  adds  a  constant  value  to  the  one-third- 
octave  band  SPL  at  all  angles  and  frequencies. 

SUB6  Subroutine  -  This  routine  anti logarithmically  sums  different  SPL 
and  PWL  spectra  to  obtain  a  total  spectra  and  sums  the  total  PWL  spectrum  to 
obtain  OAPWL. 

EXTP  Subroutine  -  This  routine  extrapolates  an  input  spectrum  to  a 
desired  acoustic  range  using  the  inverse-square  law  (spherical  spreading) , 
air  attenuation  per  SAE  ARP  866  (Reference  34) ,  and,  if  desired,  extra  ground 
attenuation  (EGA)  per  the  routine  presented  in  SAE  AIR  923  (Reference  35).  A 
curve  fit  of  the  59°  F,  70%  relative  humidity,  standard  day  air  attenuation 
and  curve  fits  for  EGA  are  used.  The  routine  automatically  accounts  for 
range  changes  from  angle  to  angle  on  a  sideline  and  includes  the  option  of  a 
100-ft  layer  of  EGA,  full  EGA,  or  no  EGA  as  per  SAE  AIR  923. 

SHKSUB  Subroutine  -  This  routine  predicts  shock-cell  noise  by  the  pro¬ 
cedure  defined  in  SAE  ARP  876  (proposed,  1976,  Appendix  C) .  Output  from  this 
routine  is  on  a  one-foot  arc.  The  definition  of  D8  was  varied  to  allow 
calculations  for  nonround  nozzles. 

PNLPT  Subroutine  -  This  routine  sums  the  SPL  in  a  given  spectrum  anti- 
logarithmically  to  obtain  OASPL  and  uses  the  procedure  defined  in  SAE  ARP 
865A  (Reference  31)  to  calculate  PNL. 

TPNLC  Subroutine  -  This  routine  calculated  tone-corrected  PNL  via 
Section  B36.3  of  the  FAA  Noise  Certification  Document  (Nov.  17,  1969)  as  a 
function  of  the  uncorrected  one- third-octave  spectrum  SPL. 

PNTT8  Subroutine  -  This  routine  sets  the  format  and  prints  the  noise 
output  from  the  main  program.  It  prints  the  identification  of  the  noise  out¬ 
put  and  one-third-octave  band  SPL  and  PWL  for  24  frequencies  and  15  angles 
(20°  to  160°  to  the  inlet)  as  well  as  OASPL,  PNL,  and  PNLT  for  each  angle. 

The  second  part  of  the  routine  calculates  EPNL  (if  required)  according 
to  the  procedure  described  in  FAR  Part  36.  Times  associated  with  given 
acoustic  angles  for  a  level  flyover  (assuming  the  engine  centerline  is 
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parallel  to  the  ground)  are  determined  first.  Peak  PNLT,  the  associated  time, 
and  the  10-dB  down  levels  are  determined.  Initial  and  final  times  are  then 
termined  by  linear  interpolation  (extrapolation  using  the  first  or  last  two 
points  is  used  when  necessary) .  The  PNLT  history  is  then  integrated  between 
the  10-dB  down  points  by  summing  half- second  increments  (determined  by  linear 
interpolation)  to  obtain  the  duration  correction.  This  is  ac|ded  to  the 
maximum  PNLT  to  obtain  EPNL;  the  EPNL  is  then  printed. 

EJECTS  Subroutine  -  This  routine  first  determines  the  effect  of  a  hard- 
walL  ejector  of  given  geometry  in  terms  of  the  reference  SPL.  Directivity 
and  spectral  effects  are  then  determined.  If  no  treatment  is  present  in  the 
ejector,  control  is  returned  to  the  main  program.  If  treatment  is  present, 
an  impedance  prediction  routine  for  SDOF  treatment  (single  degree  of  freedom) 
is  entered.  The  resistance  and  reactance  of  the  treatment  panel  is  deter¬ 
mined;  this  yields  a  coefficient  of  absorption.  The  location  of  a  given 
source  and  the  strength  relative  to  the  peak  are  then  calculated.  The  co¬ 
efficient  of  absorption  times  the  number  of  reflections  for  a  given  acoustic 
angle  plus  the  relative  source  strength  when  summed  over  all  sources  yields 
an  SPL  reduction.  This,  when  integrated  over  all  angles,  gives  a  sound  power 
insertion  loss.  This  reduction  is  log- averaged  over  the  lower  limiting, 
center,  and  upper  limiting  frequencies  for  the  given  one- third-octave  band. 

The  sound  power  insertion  loss  is  then  converted  into  a  delta  SPL  for  each 
acoustic  angle  and  added  to  the  hard-wall  effect.  Control  is  then  returned 
to  the  main  program. 

INPUT  DESCRIPTION 


The  input  data  is  supplied  through  NAMELIST  input  format.  Any  number  of 
successive  cases  can  be  run  consecutively,  limited  only  by  the  users  execu¬ 
tion  time  available.  Each  successive  case  requires  only  the  INPUT  NAMELIST. 
The  data  from  preceding  cases  remains  in  storage;  thus,  only  those  variables 
which  are  to  be  changed  from  the  preceding  case  input  value  need  be  included 
in  the  INPUT  file  of  succeeding  cases. 

The  input  format  is  given  in  Table  A-3.  The  definitions  of  each  of  the 
input  variables  given  in  Table  A-3  are  given  in  Table  A-4.  All  variables  are 
preset  to  zero  before  the  first-case  input  is  read.  Only  the  input  variables 
listed  under  a  nozzle  type  in  Table  A-3  need  be  input  for  any  case.  Notes  on 
the  input  follow  the  tables.  Further  descriptions  of  input  variables  are 
given  in  Figures  A -2  and  A-3. 

OUTPUT  DESCRIPTION 


The  output  format  is  generally  self-explanatory.  The  input  is  printed 
nut  using  the  nomenclature  defined  in  Table  A-5.  Output  flow  conditions 
follow.  Finally,  SPL  and  PWL  spectra,  OASPL,  OAPWL,  PNL,  PNLT,  and  EPNL  arc 
printed  as  required. 

A  warning  flag  is  built  into  the  iterations  for  gamma  and  merged  vel¬ 
ocity.  The  flag  message  is:  DID  NOT  CONVERGE  for  either  iteration,  and  the 
run  terminates.  Gross  input  errors  have  been  the  only  cause  of  this  message 
encountered  in  the  development  of  the  program. 
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fable  A-3.  Input  Format. 


At  the  beginning  of  each  run,  an  unlimited  number  of  cards  can  be  input 
for  the  run  identification.  (A  case  identification  card  is  available  before 
each  case  also).  The  format  for  each  card  is: 

60  -  Character  Title  Card,  Column's  1-60 

To  enter  the  case  section  of  the  input  the  following  card  is  required: 

CASES  (Starting  in  Column  2) 

The  run  or  case  identification  cards  may  be  omitted  but  the  "CASES" 
card  must  be  present.  The  case  identification  is  saved  and  will  be  printed 
on  succeeding  cases  unless  another  case  identification  card  is  read. 


FOR  CONICAL  NOZZLES 


Column 

2 

♦ 

(60-Character  Identification  Card,  Columns  1-60) 


$  INPUT 

Y9  =»  1, 

P9  ° 

.  TT3  « 

,  A9  - 

1 

K9  =* 

.  ALT  - 

,  SL  “ 

» 

U  » 

_ E9  - _ 

. . ,  VO  -  . 

$ 


Table  A-3.  Input  Format  (Continued) 


FOR  SINGLE-FLOW,  MULTITUBE  NOZZLES 


Column 

2 

♦ 

(60-Character  Identification  Card,  Columns  1-60) 
$  INPUT  Y9  =  2, 


N  = 

,  RP  » 

,  B9  = 

* 

DT  = 

11 

< 

,  Z5  - 

9 

S1J  - 

,  TT3  - 

,  P9  ■ 

1 

K9  « 

,  ALT  » 

,  SL  - 

> 

U  » 

SO 

II 

19 

O 

> 

» 

> 

a 

,  L9  » 

* 

A  D 

»  _  > 

% 

_ » 
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Table  A-3.  Input  Format  (Continued). 


FOR  SINGLE-FLOW,  MULT I CHUTE /SPOKE  NOZZLES 


Column 

2 

♦ 

(60-Character  Identification  Card,  Columns  1-60) 
$  INPUT  Y9  =  3, 


N 

RP  - 

,  B9  = 

) 

R4  = 

R6  = 

,  SS  = 

,  A7  - 

y 

TT3  = 

P9  = 

9 

K9  = 

ALT  = 

,  SL  = 

,  u  = 

9 

E9  = 

VO  = 

,  A6  = 

,  L9  = 

9 

A  = 

) 

9  9 

_ y 

RR  and  RX  as 

per  the 

multitube  nozzle 

case. 

$ 
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Table  A-3.  Input  Format  (Continued) 


FOR  DUAL-FLOW  NOZZLES  WITH  MULTITUBE 
SUPPRESSORS  ON  THE  OUTER  STREAM 


Column 

2 

♦ 

(60-Character  Identification  Card,  Columns  1-60) 
$  INPUT  Y9  =  5, 


RP 

= 

DN 

= 

AA8 

» 

,  A9  - 

1 

TT4 

> 

P4 

= 

TT5 

a 

.  P5  - 

t 

N 

— 

> 

DT 

A7 

a 

.  B9  = 

* 

Z5 

a 

> 

SU 

_ 

K9 

a 

» 

ALT 

S 

SL 

a 

,  u  *= 

* 

E9 

a 

» 

VO 

. 

A6 

a 

,  L9  » 

t 

A 

a 

_ _ »  _ 

»  _ 

» 

RR  and  RX  as  per  mulcitube  case. 
$ 


Table  A-3.  Input  Format  (Concluded) . 


FOR  DUAL-FLOW  NOZZLES  WITH  MULTICHUTE /SPOKE 
SUPPRESSOR  ON  THE  OUTER  STREAM 


Column 

♦ 

(60-Chaxacter  Identification  Card,  Columns  1-60) 
$  INPUT  Y9  =  6, 


RP 

c; 

» 

DN 

_ * 

AA8 

33 

,  A9  = 

_ > 

TT4 

52 

> 

P4 

= 

TT5 

S3 

,  P5  = 

» 

N 

=3 

> 

B9 

S3 

_ 

_ > 

R4 

S3 

> 

R6 

=3 

_ l 

CO 

5= 

) 

II 

r-* 

< 

_  » 

K9 

= 

» 

ALT 

S3 

> 

SL 

S3 

,  u  = 

. > 

E9 

OJ 

t 

VO 

a 

A  6 

S3 

,  L9  = 

A 

a 

* 

.  »  _ 

.  _  »  _ 

_ » 

HR  and  RX  as  per  multitube  case. 
$ 
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Table  A-4.  Input  Variable  Descriptions 


FOR  CONICAL  NOZZLES 


Variable 

Note 

Description 

P9 

Nozzle  Total  to  Ambient  Pressure  Ratio 

TT3 

Nozzle  Exit  Total  Temperature,  0  R 

A9 

Nozzle  Exit  Flow  Area,  ft^ 

K9 

Print  Indicator: 

0  =  Total  Nozzle  Noise  Only 

1  =  Nozzle  Component  and  Total  Noise 

ALT 

1 

Altitude,  Ground  Sideline,  or  Arc  Dis¬ 
tance  at  which  Prediction  is  to  be  made, 
ft 

SL 

1 

Sideline  Distance  at  Which  Prediction  is 
to  be  made,  ft  (Used  for  Flyover  Cases 
Only) 

U 

Arc  or  Sideline  Indicator 

1  =  Predictions  to  be  made  on  an  Arc 

2  ■  Predictions  to  be  made  on  a  Sideline 

(or  Flyover) 

E9 

%* 

EGA  Indicator 

0  -  No  EGA 

1  -  Full  EGA 

2  -  100-ft  Layer  of  EGA 

VO 

Aircraft  Flight  Velocity 
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Table  A-4.  Input  Variable  Descriptions  (Continued). 


FOR  SINGLE-FLOW,  MULTITUBE  NOZZLES 


Variable 

Note 

Description 

N 

Number  of  Tubes 

RP 

3 

Centerbody  Plug  Radius,  ft 

B9 

4 

Tube  Centerline  Cant  Angle,  degrees 

DT 

3 

Tube  Diameter,  in. 

A7 

Nozzle  Area  Ratio 

Z5 

Number  of  Rows  of  Tubes  Counting  Center 
Tube  (if  Present)  as  zero 

S1J 

Tube  Centerline  Spacing  to  Tube  Diameter 
Ratio 

TT3 ,  P9 
SL,  U, 

,  K9,  ALT, 

E9,  VO 

Same  as  Conical  Nozzle 

A6 

Ratio  of  Ejector  Inlet  Area  to  Nozzle 

Total  (or  Annulus)  Area  (Input  Zero  for 
no  Ejector) 

L9 

Ratio  of  Ejector  Length  to  Suppressor 
Nozzle  Equivalent  Diameter 

A(l) 

3,5 

Ejector  Treatment  Faceplate  Thickness,  in. 

A(2) 

3,5 

Ejector  Treatment  Hole  Diameter,  in. 

A(3) 

3,5 

Ejector  Treatment  Cavity  Depth,  in. 

A(4) 

3,5 

Ejector  Treatment  Open  Area  Ratio 

RR 

6 

Ejector  Treatment  Specific.  Resistance, 
Rayls  (49  Values  Required) 

RX 

6 

Ejector  Treatment  Specific  Reactance, 

Rayls  (49  Values  Required) 
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Table  A-4.  Input  Variable  Descriptions  (Continued) 


FOR  SINGLE-FLOW,  MULTIC11UTE /SPOKE  NOZZLES 


Variable  Note 

N 

RP  3 

B9  4 

R4 

R6 

SS 

A7 

TT3,  P9,  K9,  ALT, 
SL,  V,  E9,  VO, 

A6,  L9,  A,  RR,  RX 


Description 

Number  of  Elements 

Centerbody  Plug  Radius,  ft 

Chute/Spoke  Exit  Cant  Angle,  degrees 

Outer  Circumferential  Flow  Dimension,  in 

Inner  Circumferential  Flow  Dimension,  in 

Outer  Circumferential  Element  Dimension, 
in. 

Nozzle  Area  Ratio 
Same  as  Conical  Nozzle 
Same  as  Hultitube  Nozzle 
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Table  A-4.  Input  Variable  Descriptions  (Continued) 


FOR  DUAL-FLOW  NOZZLES  WITH  A  MULTITUBE 
SUPPRESSOR  ON  THE  OUTER  STREAM 


Variable 

Note 

Description 

RP 

Centerbody  Plug  Radius,  ft 

DN 

Nozzle  Outer  Diameter,  ft 

AA8 

Inner  Nozzle  Flow  Area,  ft^ 

A9 

2 

Outer  Nozzle  Flow  Area,  ft 

TT4 

Inner  Nozzle  Exit  Total  Temperature,  ° 

P4 

Inner  Nozzle  Total  to  Ambient  Pressure 
Ratio 

?T5 

Outer  Nozzle  Exit  Total  Temperature,  0 

1*3 

Outer  Nozzle  Total  to  Ambient  Pressure 
Ratio 

N, 

A, 

DT,  A7,  B9, 

S1J,  A6»  L9, 

RR,  RX 

Same  as  Multitube  Nozzle 

K9, 

ALT,  SL, 

U,  E9,  VO 

Same  as  Conical  Nozzle 
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Table  A-4.  Input  Variable  Descriptions  (Concluded). 


FOR  DUAL-FLOW  NOZZLES  WITH  MULTICHUTE /SPOKE 
SUPPRESSORS  ON  THE  OUTER  STREAM 


Variable  Note 

RP,  DN,  AA8,  A9, 

TT4,  P4,  TT5,  P5 

N,  B9,  R4,  R6,  SS,  A7 

K9,  ALT,  SL,  U,  E9,  VO 

A6,  L9,  A,  RR,  RX 


Description 

Same  as  Dual-Flow/Multitube 

Same  as  Multichute/Spoke 
Same  as  Conical 
Same  as  Multitube 


NOTES  ON  INPUT: 

1.  The  ALT  variable  is  used  as  the  main  distance  indicator;  therefore,  for 
ground  static  arc  or  sideline  cases  the  distance  of  interest  is  input  through 
this  variable,  and  the  SL  variable  is  set  to  aero.  In  flyover  cases,  ALT  is 
used  as  the  altitude  indicator,  and  SL  is  used  as  the  sideline  distance. 

2.  EGA  is  "Extra  Ground  Attenuation"  as  defined  in  SAE  AIR  923  "Method  for 
Calculating  the  Attenuation  of  Aircraft  Ground  to  Ground  Noise  Propagation 
During  Takeoff  and  Landing."  The  "lQO-ft  layer"  is  defined  in  Figure  3  of  the 
above-mentioned  document. 

3.  Major  nozzle  dimensions  are  input  in  feet;  element  or  ejector-treatment 
dimensions  are  input  in  inches.  This  alleviates  inputting  very  small  numbers 
(i.e,,  0.1  inches  versus  0.0083  feet), 

4.  Cant  angles  for  multitube  and  multichute/spoke  nozzles  are  defined  in 
Figure  A-4. 

5.  The  "A"  variables  are  input  as  10  if  treatment  other  than  SDOF  is  used. 

In  this  case  UR  and  RX  must  be  input. 

6.  The  specific  resistances  and  reactances  of  the  treatment  used  in  the  ejec¬ 
tor  are  input  through  the  RR  and  RX  variables.  Values  at  the  lower  limiting, 
upper  limiting,  and  midpoint  frequencies  are  used.  For  ease  of  input,  the 
program  assumes  the  value  at  the  upper  limiting  frequency  of  one  one-third- 
octave  band  to  be  equal  to  the  value  at  the  lower  limiting  frequency  of  the 
next  highest  band.  Therefore,  only  49  values  must  be  input. 
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C: 


Conical 


ummx 


DT 


Multitube 


Multichutc  or 
Mul  its,  poke. 
Dual  Flow 


Nozzle  Types  Included  in  the  Correlation. 


Jet  Axis 


Figure  A-3.  Fortran  Symbol  Convention  for  Acoustic  Arena 
Variables . 
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Multitube  Nozzles 


Multiehute/Spoke  Nozzles 


gure  A-4,  Definition  of  Cant  Anglos  for  Multielement  Nozzles. 
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Table  A-5.  Output  Symbol  Descriptions. 


Symbol 

Description 

ARD 

Suppressor  Nozzle  Area  Ratio 

AT 

Area  of  an  Individual  Flow  Element 

A5 

Merged  Flow  Area 

A6 

Mixed  Flow  Area 

A8 

Inner  Nozzle  Flow  Area 

A28 

Outer  Nozzle  Flow  Area 

DUCT  H 

Outer  Nozzle  Duct  Height 

D5 

Diameter  of  the  Merged  Plow  Stream 

PO 

Ambient  Pressure 

PT8/P0 

Inner  Nozzle  Pressure  Ratio 

PT28/P0 

Outer  Nozzle  Pressure  Ratio 

RH05 

Density  of  the  Merged  Stream 

RH08 

Density  of  the  Inner  Stream 

RH028 

Density  of  the  Outer  Stream 

TO 

Ambient  Temperature 

TTS 

Total  Temperature  of  the  Merged  Stream 

TT6 

Total  Temperature  of  the  Mixed  Stream 

TT8 

Total  Temperature  of  the  Inner  Stream 

TT28 

Total  Temperature  of  the  Outer  Stream 

U5 

Fully  Expanded  Merged  Velocity 

U6 

Fully  Expanded  Mixed  Velocity 

U8 

Fully  Expanded  Inner  Stream  Velocity 

U28 

Fully  Expanded  Outer  Stream  Velocity 

W6 

Mixed  Stream  Weight  Flow 

PWL 

Sound  Power  Level,  dh  re:  10  ^  watts 

OASf'L 

Overall  Sound  Pressure  Level  re: 

2  dynes/m^ 

OAPWL 

Overall  PWL 

PNL 

Perceived  Noise  Level,  PNdb 

WILT 

Tone-Corrected  PNL,  PNdft 

EPNL 

Static  Effective  Perceived  Noise  Level 
EPNdB 

SAMPLE  CASES 


Example  cases  for  a  conical  nozzle  with  and  without  EGA,  a  dual-flow 
nozzle  with  a  multitube  suppressor  and  a  treated  ejector,  and  a  dual-flow 
nozzle  with  a  multichute  suppressor  are  given.  The  input  data  cards  are 
listed  in  Table  A-6  as  per  the  format  given  in  Table  A-3. 


Table  A-6.  input  Data  Card  Listing  Sample  Case. 


AR  SIECKMAN  TASK  3  WJGH  VELOCITY  JET  NOISE  PRCGR*M 

GENERAL  ELECTRIC  CH.  RLDG  300  BIN  7 9  M,D.  H77 
MS  —  ENGINEERING  CORRELATION  MQf>El  —  CPC  VERSION 
CASES 

CONICAL  NOZZLE  CHECK  CASE 
JINPIIT  Y9*l, 

PR#3.2a7,  TTJAH80,  A9#2.346,  RP* 0,  K9#t, 

ALT*2a00#  U#Z,  F9*0.  V0*350,  A6*0,  I 9*ft»  A*il*0, 

$ 

JINPUT  F 9A?$ 

DUAL  FLCW  MtJLTI*TUBF  CHECK  CASE 
SINPUT  Y9A5# 

RR*t.423,  DNAfe^a?,  AAfi*7.6*9»  A9AS‘.ORs*  TT«#|010, 

PdF|.S67,  TTSK163?,  PSAX.??**,  K9*l,  N*#,9, 

0TA3.672,  A7*2,7S,  2*5*3, 

SU*Z.8lft,  ALT*320,  U*l,  E9*0,  V0*0, 

A6*0 1  L9*0,  A»4*0, 

A6A1 ,303,L9*3.9«i?,A*4MO, 

RR#iJ9*0,31  I  , 

RX*-«7, J3S,. 77, SR9, *69. 339,. 61,1 53, *5a, 949,-08,963, 

•«3.?hR#«3K.767,-3R^6l  |  ,*3|  ,008, «?#)»?  1 9, «?J 

-l9.367#-l?.aft7,«|5.R«tW*t3.ai9#-!^£77**!e.<m,*R»<!52,-8.60a, 

-T,70?,-6.660,*-f»,0flft#*S.S70#-fl«762#*a,?3?#*3*?t|,*3,3aji# 

968,  *Z. 6J9, 970,-1, 7**,  *l,e87^|. *78,- 1,07*. -.882, 
J*  709,  *.  *i  IS, 307,*.  IBS#-.  01 0..  1 85,  >01*  *705,  1, 1, 1, 7*0,4, ©9?, 

dual  flow  multi-chute  check  case 

J INPUT  V9*b, 

RP*,6?R,  PNi?.6?Jf  AAA#.ft||,  A9*l,5«i$,  TT«*l9?0, 

Pd«i,o90,  TTS*J7S0,  P**l,97,  *9*0,  N*20, 

R9*0,  Re*2,87«,  RM2.060,  S5»2.1SS, 

A7*i,?S,  ALT*?900,  H*2,  €0*0,  VO#3SOr 
A6«0,  LO*0#  A*a«0, 

s 


NOTE;  The  symbol  *  indicates  an  equal  sign  (*). 
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X  X  X  X  X  X 
X 

X 

X 

X 

X  X  X  X  X  X 


XX  X  x 

XX  XX 

XX  XX 
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x  x  x  x  x  x 
x  x  x  x  x  x 
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X 

X 
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X 
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X 

X 

X 

a  u> 
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X 

X 
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X 

X 
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X 

X 

U.i 

w 

X 

X 
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X 
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OZZLE  EXIT  CONDITIONS 

8=  2184.0  OH08=  .0347  AT=  P.346  A8=  P.346 
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l«*t»  fl  v‘  4IMS-J/I/ J  <  N  .« ry  r  N  —  » 

si  11  »  »  1 

Or-A^^r"r  #»*•  4  v  4 

*  t  t  i 


«»fi[ 


r  »  ^  9\  vf  t>  *•  ff  N  4t  m  tf  K  w  W  o  I 


W*  V*  w* 


O  O  «  o  O  o  gc.6^0  0000000p00c0<50, 
W-  4  ^  «>  <V  *  CW  fftyrtC*y«*00  ?\AOOOOOj 

Of  , 

V  :  1 


1  I  1  •  -  r  1  ;  i'  [ ! 

fg  r*  O  fv  CNW  t*.  < 

0  *  *  *  *  ♦  *  *  *  *  *  •  *?•••• 

4f^rwS|u*<Kf.«rc«oc  *0  ~  4  *  *  r»  *  ^  cy  o ; 

<1<  <<  *  <<  4«  4  4  <■<<<•►  4  iil-  Jl-M^ki,, 

•I  I  -  I*  1 


e  "}'«“' 

V  4  -C  C  ^  ^  C  -tf  C  <  <  «  4  IT  4  «<N  fV  . <►***« 

■  !  1  •  ■  i  r  : 

0.4  —  r^w-Ko*o<snartn*;  **  —  «  o  o 

O  •*♦♦•••«  •»•»*•»•»%*>«»*•'••«• 

<^c  —  —  ©OOO  ©*•*•«)>  o«w  4  If  -*r*  *- 

<  A  <  <  C  irp  * 


€>*«.•  toi.'l 


PROGRAM  SOURCE  CODE  LISTING 


This  section  contains  the  FORTRAN  IV  source  code  listing  for  the  engi¬ 
neering  correlation  computer  program,  suitable  for  running  on  the  CDC  7600 
computer.  The  listing  of  subroutines  is  as  follows: 

(1)  Main  Program  (MS) 

(2)  SUB1  (Contains  SUB1  through  SUB6) 

(3)  EXTP 

(4)  SHKSUB 

(5)  PNLPT 

(6)  TPNLC 

(7)  PNTT8 

(8)  A  block  data  listing 

(9)  EJECTS 


26R 


PROGRAM 

1 


S 


1  8 


1 * 


?S 


.IS 


*0 


A*. 


**9 


ss 


*s  7G/7S  OPT=l  11/18/77  1A.09.16S  PAGE  1 


PROGRAM  MS (TNPUT. OUTPUT, TAPF.S  =  TNPUT»TAPFft=OUTRUT) 

C  MS  —  ENGINEERING  CORRELATION  FOR  TASK  3 

COMMON  /()M/  m,0.1 

COMMON/CMl  /L  <9 .?A )  ,  X  <  ?A  )  ,F  ( ?M  ,F  (24)*S(15«?<»)  ,KK (?4»5)  «C ( 1 5,5)  , 
1  0<?0>  ,RP(4q»  ,wx  (UQ)  ,P<?0>  «R(  IS. 24)  ,Y1  (pi,)  ,Y(?4)  ,C1  (15)  .PVF<?0>  » 
1  SI  (PA I  .G(V,?M  «C?(  IS)  ,T  (Pol  .0(?/)l  ,M(5)  .  A  (4)  ,V  (31  ,E1  ( 1S.?4I 
Common  /cm?/  v8.ao,*8.ki ,y9.ta.ts,r7,pi ,zr,dj.aj,h,u.f<> 
l  .r4.V9.C9.DM.01  .VO.OV. AR.0,19, A4.A7.SG.P9.F9. ALT.SL.AN1 
COMMON  /CM3/  !IAS(?> , IICASF <G» . IDCASE (ft) .TOENTIM 
RfAL  l  . KK • K 1 
RfAL  M.k?,kO.LM 

NAMFL1ST/INPI1T/  Y9,wy.TT3.A4.PP.K9,N,h9,M4.Rft,SlJ.SS.A7. 

1  Wl .DT.7S.ON. AAft.T  T4.PA.TTS. At T.SL»U»F9.V0»Aft,L9.A«PS»RW.RX 


DATA  F/«!G.,A3.,ft0..1'  0 .  .  1  ?S  ,  .  1  ftfl .  ,?00  .  .  PSD  .  ,  3 1 S.  .  400  .  .  SOI),, .  630  .  . 
ISA*. ,  1  '  *1.  .  l?Sf  .  ,1A0  i.  .PSO?,.  31  St,  .  .40 in'.  »S0C A.  .6300..H00G.. 

l  lo^rr ./ 

DATA  C1/1M»1,/ 

OATA  |M/?l  «■/ 

OATA  mm/?L  C/ 

DATA  Sl/-.*99,-.ftO?.-,V.?,-t  19P.-.101  .-.?0I  . - . (.47 , 0.  .  . 097,  , 204 . 

I  .I'l  ..3«8.,AOP..<S‘l?..A9R,.799,,9C3, 1 .  .  I  ,t>97,  J  ,?i'4  ,  J  ,30 1  ,  1 .  J98. 

1  1 .A9«.I .nr?/ 

OAT  A  ( ,1  =  1  ,?4t/ll|  .8*.  7?,  13S.<i,.7?,  13V.?.  *72, 

1  1  A?.  A.,  7?.  IAS. .  ,7, 1*7,8.  ,ftn,  l48.h.,ft4,14A.7,.ft,  1<*P,..S5. 

1  147,?,,S,  I  4ft, ^.,44, I  AS,  7,  ,TN,  I44.H.  ,33,  1A3.4,  ,pj,  >4?,5.,2. 

1  lAl,..ls,l3R,S,.0V.liM,3..  )4,13?,,„..)3S,S.u..n4.|  ,0,. 

1  1  3?.  a.  A. .  1  T1 ,3.0, .  IV  ,<.»•),/ 

V»PITF(A*ISH 

l«l  POR“ATllMl/////////////// 


1  S'X,*XX 

*« 

xxxxxx*/ 

1  Sl‘X.*XXX 

m 

XXXXXX*/ 

1  XX*  ¥ 

**  •/ 

1  'I'll*!*  till 

*x 

XI  •  / 

1  S'1*,*!*  ** 

XX 

X*!****/ 

1  S*.t»*x* 

XX 

X*XXXt*/ 

I  sc*.*** 

X  X 

XX*/ 

1  s^*.**» 

x* 

XX*/ 

1  Sy*.*x* 

X! 

xxxxxx*/ 

1  S')*,*!* 

XX 

XXXXXX*////// 

X/49X«4|H  ***** 

X 

A 

xxxxx  xxxxxx 

xxxxxx 

X 

*/<iG*,AlM* 

X 

X 

*  X 

A 

XX 

X/40X.4IHXXX 

XX 

XXX  X 

X 

X 

*/4f*.4|M  *** 

X 

XXX  X 

xxxx 

X 

X/4CX.41H  * 

X 

X  X 

X 

X 

X/40X,4|HXX«XX 

X 

xxxxx  X 

XXXXXX 

X 

MOITf  If  a.  H<3) 


103  FORMAT  (///»<.*, AHMMlf.M  VELOCITY  .IE  T  NOlSF  PR|iGW*m  (CONTRACT 
l*H3<'f‘-u,l/<.t.x,:nHTASK  J  --  engineering  CORRELATION  //» 

1?  Of  AO(S,n  »  (tOfNT  (1>  ,|=T,ft> 

11  FORMAT  IGA  1M 

lF|FOF(Sn  CVRg.lA 

l A  CONTINUE 

If  ( flOf NT  <  I )  •  AN(i, 777 7P000CG Jci'tOwOPOOGR)  ,F«t,  1*0  GO  TO  |A 
IF  ( ( 10E NT  (  M  «  AND,  7  777(‘v(i(  (l;i  J0OO9o<J>)9OP1  »f GO  TO  ?44 
MR  I TF  (ft  ♦  l  31  (l  Of  NT  ( 1 1  ♦  1  =  1  ,(i> 


OOT-OS. 
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2 


60 


6S 


70 


75 


«0 


PS 


9ft 


9S 


100 


10S 


nc 


n  FORMAT  <?fl*.641ft) 

00  TO  t? 

16  PACFSPACF  S 

244  no  23  1  =  1.4  *  !ICASF(I)=10H 
23  CONTINIIF 
24S  CONTINUE 

RFAO(S.H)  (lHCASf  (1  >.1=1.6) 

IF (EOF (S) I  9949.15 
IS  CONTINUE 

!F(  (IOCASEd  >  ,AM1.7777AOOOl/0(»f  OCO\)OOOftH>  .EO.IN)  GO  TO  17 
no  ??  1  =  1.4  *  IICASF  <1>=I0CASE<I> 

??  CONTINUE 
GO  TO  ?! 

17  BACKSPACE  S 
C 

21  Trt=S19  *  M 0  =  1 4 . 7  «■  P.j=. (,76474  *  Pl=3. 14159 
Kl=l 

P7  =  ft  «  K?  =  0  *  *7  =  0 
AOs49.ftlM«Sf)BT<T0> 

1  'j*'  PFAD  <5.  INPUT  > 

IF(fOF<S>l  <50R0.?Sf.C 

?\'SQ  T3  =  TT7  *  P4  =  RO  A  »1=HT  i  M?a|)N  *  A«=AAM 

T4=TT4  %  1S  =  TTS  »  A,:l=N 
PP1NT  ?St. 

253  FOPMATdHl///,*  Nff.M  VELOCITY  jet  nuISL  pbOGRA**  -  ENGINEERING** 
\  «  C0POFtATinn*//> 
mPITFIG.ImKIICASE  (11.1  =  1.61 
19  format  (PY.MI'V/t 
?f>  PPJNT  ?Cft* 

204ft  FOONAT<?S».nM***  INPUT  •••/> 
r 
C 

GO  T0f?4SO7v,320.‘*lS»42S»4?S>«Y9 
C  COMICAL  NOISE  ENTtY 

29*5  R1»SMMUA9/»1»  *  A7aft  i  R2»St«»T  (A9/P1  *«>9**2>  *  4NI»1  *  B9»0 

N=  1 

GO  TO  ,1«C 

C  MULTI -CHUT F/SPOKF  NOISf  ENTRY 

320  P?aN*(R4«S!»l/<?*Pn 

01 oSOPT  <4*  MP4 .90) /?>* tP?»R9*!2)/Pt )/?4 

»2*«?/J2 

S1.»*SS/04*I 

POINT  ?0V2.N.?*P1*A? 

?00»  F OPmAT  ( *  NO  OF  CMUTI  S/SPO«r*»«*.|4/*  1)1  A  0f  Cm«>T(  IQUIV  API  A*. 

1  •  mor=*.')A.  i»s«.*AMr»a*,no.ii 
GO  TO  39ft 

C  MI/ITI-TUPF  NOIM  ENTRY 

370  P)bP1/?«,*m?sSOPT  IN*A7*01**?«P9**?) 

PRINT  ?0O4.N.?*P1 .A7 
39ft  PRINT  ?ftCN.T0.P?i.T3*P9 

195  PPINT  20I4.A6.V0 

?;*|4  FOPMAT  I  •  F.IFfTOP  AREA  RATIO  PAPA**£  f ER**  *E  I*).  3»SA**V0“*»F  10.1) 
PRINT  ?03M.«9*?,R9 

2«04  roRMATI*  NO  OF  TUHtS»*»f4.SX. 

1/*  MIA  OF  Tll«fS=*.FK  .i.SX.«AMO***E|C.3l 
20*4  FORMAT  I •  Tft  s*.r6.C«S*.*PP  aa.ER.l/*  TT«** .* 4. ft .SA. *PTR/P0a« . 
1CM.3) 
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POPMAK.  plug  OtA=*«F  1 1  , 3, Sx  «<*CANT=*«F  l  n 
!  13H***0IITPIJT  *•*)  lanj-*,f10,3///;?Sx. 

GO  TO  SPS 

-  COAMMULAP  NO  I Sf  FnTRY 

PIsSOPT  (AP/PU  SA7=1 
JP (Y9-S)  APS.A3S.ANft 
■  FtUL  T 1  -TIIHF  COANMIILAP  T  NTfty 

4  55  FONT  T  •'•tIC 

«1=P./?4 

peINT  ?0  I';  ,  A7 

P710  FftOMATJ*  NO  OF  TIIMfSa*  .  I A  .Sx  < 

1  go  T^^*n...,.sx..APO=.;r,o.3} 

460  CONn'uFH“1C/SP',,,<r  f0flNKUL4P  ENTPV 

Pl=SORT  (A°A>J/|p)*fj)  ) /? 

PPINT 

PP’t,,T  '>‘''<‘»B?*AH«A0.TS.PS.Te>»Pt).TA.P4 
'  « r, . . .^?P; * w- 

OTaJB?-S0w|  JP?**?-4«Ai)*A7/P»  >  \/? 

GO  TO  10S 

CONTP'UF 
Ms SOP T  t  At,  t 

ATaN*P| *PI **p 

PM|n  CALCULATfON 

4 Tw .  r.0  JO  S50.P..Sq.„p„ 
<**3  pftsA 

i$s  7ft=n*r.«s|,is 

ITFPATJON  FOP  GAKMA 
00  Gr  f  ,je  I  .SO 
Tj3T«/tpg**<  ( r.A •  1 1 /f,(. » ) 

G9«|  .A 

fF  *  73. L  7.  Tftft,  3o?  I  r.0  TO  SPO 

f<Oa?.P370H/t3**.3Ti\?7| 

g°  <**&*  6US,^»*^..00I  >  AO  TO  6|S 

e<*  roNTi  mf 

GO  to  All) 

CAt.C  01  At  I  ON  OF  FLOP  PAPAHFTfWS 
IS  C1*GP*.0f««SS/(fiP-» » 

pj=”  XV,  r 1  n  <P...  „ov. . 

0A*?*SOOtIA,T/PJ) 

fF(  Yp.LT. A  \  on  fo  A 75 
IF<  tft.ro. TA  )  GO  trt  AGO 

P.,»TP"i?I 

P«tNT  ?0|ft.U.l.M).PT 

'  «  ?0PM4I,,fu2L,TfW^t>”U  £*,T  CONDITIONS.. 

FOP  -Tt.  U^^.nc.l.5*..PMO?«6..F|O.A,S«,.oUCT 
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4 


17S 

189 

185 

190 

195 

ZOO 

?6S 

*19 

*15 

*?0 

?Z5 


669 

?no 

?r29 


675 


?*?? 

?1?4 


T3*T4?09=P45tJ5=U3$ftScm*G?=G9SC4*C3 
GO  TO  5S5 

PPINT  ?1  3C- 

FORMAT {/•  INNER  N077LE  EXIT  CONDITIONS*! 

PRINT  ?1?A,tl3,R3 

FORMAT  <•  08**,F  10,1  «5>i.*PHOt»**«F10.4) 

S6=P?/? 

GO  TO  TAPS 

PRINT  ?0;>?.?*P?,04 
PRINT  ?C?3 

PRINT  ?1?4.U3,R3,A3/N.A1 

FORMAT  (/•  0 1 A  OF  OUTER  RGW=*,FU.3,SX,*EtiUlV  AREA  l)IA«*,no.3/» 
FORMAT  (/o  MO/ZI.E  EXIT  CONDITIONS*! 
format  i*  ua=*.f  i%i,5x.*t>Hoe**.F|0.4.5x,*AT»**Fio.3,5x, 

*  A8s*,Fl.'.l) 

S6=R?4A9=A3 


IF(Y9-?1  H?5.?!S.?tj-> 

C  MIILT1-FI  FMf»lT  POST-MERfiFO  NOISE  CALCULATIONS 

T39  PPaR?-RP*SlO(F9»PI/IAy!/COSlP9*PI/\«0» 

795  TF(  PM.LT.,6  »  GO  TO  ??*> 

»?=«?*< „J  , UA  7»  ALOM  *1  ( Wj*/ V  .954)  )  •  ( I - . ?5?5» 4L06 1 A  <  TG/ 1  750 )  ) 
»?=P?*80RHR4/,  7J6» 

7??  AS=  (>g«P|*(w?-Rn  ••?>/(  <SuRT  (AnH-1  I 

A J  *A5/A3 

p  Js  |  (09-  |  )  *00*4633. OM  /  »tn**?*R3)  .  | 

*0»<  <C3*T3l * (H3*»p/5 '0M?) -< T6*»*4) >/Pj 
K?«PC/I|T.73*R3*PJ**/) 

X  3  »k  ?  <M  c  1  -  .  ?4 »  •  , 96*  *  A  l 

*?»IAl*K?*o  J*6.95184*«Ul**Z/b09RZn/X3 

K1*I-!*K  ’*!  /X3 
X3*C-l*T.*.*4»/«3 

C  ITfPATF  FOP  U  NlMGAC/OM 

V,l«  ,5 

00  R'S  1*1.59 

F?«»0»<t  j  •VJ«X?*VJ**?»V.I**3 

r|*XI»Z*XP*VJ*3*VJ**? 

vi*vj-r?/n 

IF(  *Hsm-Vj|,LT..Cl*V|  »  r»o  to  m?o 
VJ*V1 

80S  CONTI NUf 

Al?  PRINT  ? \^^ 

*1*3  FORMAT  I*  010  NOT  CCNVCRGf*l 
Oft  TO  9999 
P?3  V.»*vl*U3 

09*SORT(|.P73P37*A51 
R5»PT*PJ/((vJ/U  !»**?*AI » 

PRINT 

W*  FORMATT/*  MERGE  I*  FlO¥  CONDITIONS*! 

PRINT  P0P4.vj.R5. 05. *5 

P9?4  FOP^ATf*  U5a*.F l(V.l.SX.*9N05s*.F|0.4.5*.*OS**.F|a.3.5X, 

1  |  H 

c  CHECK  row  OTHER  POSSIPLE  SOLUTIONS 

*1**1 *Vl*IKP*vl ) 

XP«X?«VI 

0!sXP**?-«*X1 

IF  I  01, IT. 9  I  GO  TO  9| J 

V1J*l-X?*50R»|0|n/? 
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?4n 


?4$ 


?S9 


?SS 


?60 


PftS 


*7* 


?7S 


2a  r 


?«s 
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?0?6 

«94 


?■)?« 


NlO 


PIS 


9*;> 


97S 


99$ 


ms 


1"M 

I  »7o 
107S 


U3.LT.VJ  »  f»ft  to  97S 


SU«3 


Y?=(-X?*SnPT(01n/? 

Ir<  Yl.I.LT.O  1  Mt  TO  H90 
TF<  Y1J.GT.1  )  GO  TO  H90 
PPINT  PJ^.YIJ 

rOPMAU*  POOT  ?=*,Fl'i.4) 

1f<  V/'.LT.o  )  r,o  to  910 
IF  I  Y7.C.T.I  )  (»0  TO  «10 
PPINT  ?*?«, Y? 

FORMAT  (o  Poor  J=*,Fl'i.4» 

STT  INPUT  VAPI AmLFS  TO  CONICAL  POUT  INF 
VA=V.i$A8=ASSWP=RS«A5*V8 
TS=(P.»;»«.<i***Al*V|**?l/<Pj*R;T»|,l  73) 

0p=1 ,4 

IF  I  TS.l  T.7«».3V  >  f,o  TO  93S 
f»fls?,?i7^H/TS»e.07  0?7I 

M=VJ/S0RT((,4*TS*I 716.49) 

TP  =  Tf* 

T»aTC«  (  |  .  t  ) /?)  *M*«?  ) 

IF  I  VP.r,T,4  1  (,o  TO  ISIS 

CAiCHi  ATF  Ml  or»l  I)  ssjO |  SF 
K  I  a  I  $(  ALL  SI)M) 

|F »  Y9.LT.4  )  on  TO  Q7St|F< 

7«alf  *A|.  AS/AJI  *S.A 

70=74.4*  < v J/U3-.S1 **?-79$CALL  SUM? 

1  W>  TO  PPO^CALL 

IIASmsIAHMCMfifn  KOI 
UAS(?|e|  TM-jF 
C4( |  PNU* 

C*U  Si  144 

|F(  V4,r.T,.\  1  (in  TO  1S9S 

**I'LTI-FU'PFM  PPt-MTPRCO  NOISE  CALCULATIONS 
SFT  l*.PilT  to  CONICAL  POUT INf  ‘  1 

VP*UT*A»3AVAMHi?et>V4*-4BR<1.*p.VHjTjlie|<, 

*1*?KAU  Sum i 

CUTOFF/SMtf LOINO  CALCULATION 
K73'i*7Hb*' 

O.|o?*0l  *  UP5HV*P1/|h9,0 
70s )  al 00 1 3  ( AN|  1 
let  vs.lt.T  »  (in  TO  Is* 40 
!F<  V9.F0.S  j  on  TO  13*0 
7«al  .  ANJ  /*$0JsP4/l?*nMst) 

C.O  TO  H7S 

1 1 p=7< •  I  t  no  T  i=l. up 

?Aa7u«  !?•  t  7^-,l»l  1  .  1 1  •{  1  .|/5j  j|**  j  j.|  | 
fin  I  luiiF 
7M=S*AL0M  9  (?«1 
FALCULATJON  t»F  CRITICAL  ANGIE 

(UB|B7**TANISOBni-OJ**?l/Oj»*|A9/P| 

GJ=IFfi»n.|/ioi-| 

*C  CALOH.ATION 
7?=0.l*  14 »  |  .  I  S*h*  ,HS 
A.IPnATANI  l/(7*7?/l)Jl  I 

POINT  OF  NCRG1NC.  FOP  cutoff 

AMclIST.l-H.OO^tNn.STpP-AjP.RGTAICOSlAJfil/SlAMPtAJP-ftSH 
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6 


?90 


m 


300 


109 


310 


319 


VC 


1?9 


310 


339 


340 


IF<  V9.EU.3  1  GO  TO  T14S9!F<  V9.C0.6  1  GO  TO  1I4SSDJ«?*R| 
1149  IF (  M.LT.l  I  GO  TO  1173 

0J*?*R1 

C  XP  CALCULATION 

Z?=OJ»6»  <  SOOT  <«••?-!  I»  **.  77H191 
C  CP1T1CAL  FRfOUfMCV  CALCULATION  FOP  ABSORPTION 

1170  F>!  =  A<V<?*l).H 

1179  00  I  799  .1=1  »?4 

S*=.P/( (F(Jl*OJ/VBl»«,H?) 

C  ABSORPTION  EFFECT 

77=79 

IFl  FtJ1.LT.Fr*  1  GO  TO  l??0 
77=79 

IF  1  F ( J1 «GT »4*F  0  *  GO  TO  l?70 
77= (< 79-791 / »*ALOG10(F tJl/FO) *79 
C  SOUOCF  LOCATIONS 

1?70  73=?7*UJ«S* 

SJ=X«/?3 

TC^CAXUlsOSlFl  K7.1U.?  1  GO  TO  \?6S*XtJ1*?3 
C  CUTOFF  FFFfCT 

IF t  PP.GT..69  1  GO  TO  »?49C|Ft  Sj.GF.4  1  GO  TO  1?69 
TC=7?.69?9?9-44,6«P<>99«SJ*4  J.ft9H?43<*SJ*A?-?S,?B449|*SJ»0 
TC=TC»4.4r49P99*S,l#*<*-1.4f>93B44#SJ*«5*.l(>394S7*S3»*6 
IF t  »P,LT,,4  1  GO  TO  1?49 
TC»TOTC»tPG-.M/.0S 
1769  00  1 >99  I »3  *  IS 

IF t  *7.FO,7  1  GO  TO  l?9C 
IF «  M!O**lO.LT.0J  »  GO  TO  1793 
St  1  *.11  =9  tGJ* J1 
GO  TO  1799 

l?9rt  Stt«J»«Stl*JI»TC*77 

1799  CONTINUE 

C  FJEfTitp  EFFECTS  OETCONInEO 

IF  I  A4.F0.G  1  GO  ft  ni691F(FT.F0.7IGO  TO  1 30P1C ALL  EJECTS 
1  l1**  00  no**  J«I*?4V  00  1344  l»l*19 

Stl«Jt=Stl  «  13  *F » « 1  *.l» 

1V>«  CONTINUE 

1 J 1  >3  IF  I  M7.FO. >  1  GO  TP  1369SC4LL  S»«*9 

IF  (K9.ro, *>1  GO  TO  1339 
CALL  SUP; 

llASt *  I  a l )«OPFMCRGEO 
IIA9I?1=H'HN019| 

CALL  »NTTR 

1139  IF  t  V9.GT.3  1  GO  TO  1G309CAU  SUPASCAl.l  SURA 

c  roicR  ro«*  sMntp  rru  NU19F 

IF i  PC. IT. 1.9  »  GO  TO  I399SV0su3»C9=41.43*9«RI(G9*T3»SO*=7*«1 
irt  V9.LT. 3  l  GO  TO  n9!»SOH=t»4*04»/l? 

ITS*  CALL  SH«9U9fK7=79A0  TO  1179 

C  CmOTF  OR  SPOKE  CORRECTION 

1369  79sf-?*pR 

1 17*1  CALL  9*147 

CALL  SUPS 

|F  t  FO.FO.O  I  GO  TO  I39v 
llAStliallHSMOCX  t*-£ 
f 1  AS  t  ?t  *1  t,M>  NOISE 
C»LL  Shj*33CALL  PNTTH 

139*}  IF  (  V9.GT.4  »  GO  TO  16N9SCALL  SU06 
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PPOGPAM  «S 


76/74  OHT=l 


lt/lft/7?  14.09.16$ 


PAGE 


7 


345 


350 


355 


36* 


365 


370 


175 


1«4 


3*5 


390 


395 


1  395 
1400 


C 

)4?5 


C 

1445 


1441 
1  44^ 


1475 

C 

1445 

>135 


c 


1515 


1545 


1573 

|5A3 

c 

?1 II 
??3P 


ISOS 

C 


if<  49.ro. j  >  <-,()  ro  |4oaski=3  , 

CALL  SIIH7 

! IAS (1 1  =  1 9HIOTAL  NOIS 
11  AS  (?)  =  1 ahf 
CALL  PNTT  4 
GO  TO  ?45 

CO^ICAI  LJCZZLF  NOISE 
V«=U1$Art=A9SMM=W;i*li3*AM 
IIASm  =  l*.HCONICAL  «1 
1 1  AS  (?)  si  OP*  IMG  1-OlSf 

CALL  Sum«CALl5i)h541F  (K9.fi). MGO  TO  l445*IF  (P9.LT  .  1  .91G0  TO  1475 
CA1L  5tJM3“CAlL  PNTT4  3 

CHFC4  FOB  SHOCK  CELL  N01SF 
IC(  M5.LT.I.9  1  C.G  TO  144SSCALL  SIIH<,1V9=V« 

Cv»  =  4  1  .4l*S«.i;T  *G9*?. 7*P4/B3) SDMaSONT  (4*Aft/P|  )  1CALL  SHK 5UHSCALL  SUNS 
IF(  KQ.FIj.)  )  1,0  TO  1 46 1  SC  ALL  SHUT 
1! AS ( 1) allHCOMlCAt  5H 

i  i  as  (?) =i f  hoo  *  oisr 

CALI  PNT  T  M 


FALL  SIIH4 
COA'T  1 M  IF 

1 1  AS  I) )  s)  ‘ihCOhJCAL  TO 

t!AS«?)=l(>HTH  40JSF 
JF(  KO.F0.4  )  (.0  TO  | <•  754*  I  a 7 

CALL  i»HH3*CA)L  PNTT04G0  TO  i?4S 
rnAHNtn.At*  Miisr 

POINT  0)75 

rtlPM A T  ( /  /*  C OA*im*U  AM  N0/7LI  FLOW  PAWAMITFMS*) 

K  (  VO,F0,4  1  f.o  10  IS45SAlsA9%v7a||V4T3B?,7*P*3/W5$V6aW3$TW3T5 

P3aB55nsC4V09BM5*64BAI,4U3sliS 

4?*V)PTH  *M|*k?**?/4).(AP»P4**?*P|/6) l/p|t 

B?«B?»B?*S1MP4*|*)  /)  43)  /Cl)S  (HO*p  1/10*1 

GO  TO  POST-Mf  PM  0  VELUCnv  CALCULATION 
GO  TO  7?t* 

*HaA4.f,5 

W4*V4*AA*v74w5b*4 

WHCW4  •  MSS'-’Ae  I  v  7*  W4  >  v,I*h5)  /Mh 

T5»T4*A9sA  7*T6a  (14**4* TS*MS) /WM 
T5ar9«ll5BtiJimsv7495BG3ii)39v4 

AlssAtfiri  m.lT.V.l  I  GO  TO  l540$V6aU3$T4»T4$4«8ej*w«4AG$G0  TO  1540 
W4bm  i«A<t*H7«M5sM5*A9*05 
ATa*t)5AH-tH.49 
W*|eW4*«StV  l-USSA*-**') 

I*  <  0  1. 1  ).<■••  1  Ml  lo  157  IVHsU  1$  t  Hb  T4%MHat-  |*yM*A|> 

GO  TO  154* 


V«e  t'l3«M«.»U5*MM/nft 
T*=1T4**,4»TS*w5«/wH 

?1  71  $  PP  I fi t  ?67P,vft.r**.WM,4« 

OFTr«**t*ir  POST-HtPGEO  NOISE 
r OPM A f  (/*  Ml*t'tl  CLOW  CONDITIONS*) 

*A6-*t,n  *A7i  *  ',#,=**r  H.)  «Sa.*TT6a*.F6.0*S*.*|.6«*.r  14.3.SJU 
GO  TO  94£. 


W5sii5»T3s?.7*P/,/»5S|MsTS 

WSstm«AQ*P5%irte? 

PPf-MFPGFO  fOlSF  OEIEOPINATION 
IM  Y9.ro. 4  »  0*7  TO  1 6 1  SlAH=A9/AN I  iMHewS/ A** I  4G0  TO  1015 
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PAGE 


8 


400 


409 


A  10 


419 


4?4 


4/9 


Ain 


419 


1619  A9=.(?5*A9«WPa.-.7S*/5'fcCALL  SUH1 

GO  w  mo 

C  CHECK  POP  OUTER  STREAM  Shock 

1*1*  IF  (  R9.LT. 1.4  >  GO  TO  1685SCALL  SuRGtCALL  SUH4 

POsOG 

V9s|lS%C9=4).4l*S0&T  16?*?.7»P0/R5l*n8«*?.9*R7 
JF(YR-91  166C.16S5.1t>S0 
16S0  nflatP4*R6}/l?4G0  TO  1 35S 

1659  09a2*R19ftQ  TO  1399 

166)  CALL  SM*$URS?<J«»(‘»ALOr»!f><SQ»m*AQ/Pl»/OM)*CAt.L  SUH2 

CALL  5UR9 

JF1  K9.F0.G  1  GO  TO  IMS 
CALL  SUP! 

HASH  I510MOUTFB  SHOC 
IIAStPlsl  6hk  NOJSf 
CALI  PNTT* 

c  check  row  inner  stream  shock 

I4ft9  IF  1  P4.LT.1.4  1  GO  TO  I7?5*C9«4|.43*SORT(G9*2.7*R0/P3)«V9sU3 
CALL  StJ«*»*CALl  SUP4 

0«s90RT«4*e3/P)inr  <V4,E0.4)G0  TO  1700 
f>«eS0OT(f>6**/*  r/»PQ)  ••?).(?•»«)) 

1 70P  CAi.L  ShkSUP 

1F»  pp.fo.o  »  GO  To  1710*E9s-3*CAll  SOPi‘ 

1711  CALL  SMOS 

in  *«.?.)„ 0  1  GO  TO  172S*CALL  SU*U 

liAStit'1 JHjHNfP  S«*K 
UASlPlalAHF  S40|9f 
CALL  PNTT« 

17?9  CALL  Si*«6*|ft  *9.fC,-  l  GO  TO  17761*1*1 

1730  CALL  5M»l 

1  1A51H«HhTotaL  NOfS 

l»ASL?l*HHf 
CAU,  PNTT9 
GO  To  ?4S 
9SW9  STOP 

€W 
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SIIRPOUTTNF  SUH) 


7 #i/7*  0PT  =  1 


1 1/18/77  H.09.16* 


PAGE 


1 


I 


4 


t*; 


is 


?<; 


33 


3« 


**0 


Sc 


ss 


CSI»H1 

Stm»0«'TINF  StIHl 

COMMON/CMT/L(WM  .X(?4)  .FC?4)  .F  (?*>.SnS.?4)  .KK  (?4»5)  »C  US«S>  . 

I  0(?0>  ♦RB<4Q)  .MX  {<*9)  «PC?i.*>  «PT  1S«24>  ,Y||?<,)  ,Y(?4)  »CUI5)  »BVF  (?0>  i 
1  SH?4)  «GC?.?<i)  .CPUS)  .T  <?j)«f)C?0l  *W  (SI  .ACM  .VC3)  «F  1(IS.?M 
COMMON  /C»;?/  Vh.AO.wP.k  1  .Y9.TP.T5.R7.P1  .?9.«J*  A  J.H.II.F9 
t  «T'».VQ.CM.f)M,01  ,Vfi.04.AM.Q.L9*A6.A7.S6.P9.pc>.ALT»SL*ANl 
COMMON  /CW.V  11  AS  (?) » 1  1 C  AS6  (6)  »  JOCASE  (M.IDFNT(f) 

»FAL  L«K*  •  *) 

C  SAC  AhP  (IW1*  BFV)  CONICAL  NO/7LF  NOISti 

XJsALORIC  (V«/A'») 

MF=? 

IF(  XJ.f.T.O.??  )  OO  TO  30)0 

WFsM(| t »V(?)<*XvUMCJ»  •*.»••?«* |4)»XJ**)»W(S)*A J*»4 
V'  10  OfN=(  </P/(AB«VM>/,y7N47S)»*Wf 

0?=lf.*ALOM‘)  (Ot  n*CA*/( )••?>!  t 

00  TA£4  !  =  ».)«; 

OCT)  aQ?«C  ( l « )  >«eCJ»?)*XJ»C<lO)*X,l**?*f  U.4)**J**3*tU«5>*)U**4* 

1  Cl « I ) 

3C£4  COoriNtjp 

fM  V0.NL.4  ICO  It  3V«SIF(  TP.Nf.TS  TOO  TO  (P7/2) 

3-;?ft  00 

TU  )sS43Af  (?)  v  l  t  O)  ■!*.?; 

00  V|**>  1*1.  IS 

?T  «S|M( »j • | » *u| /|p» 

IJaALOC.niF  (  JJ*?*S<lvT  fAP/Pl  )/<VN»*71«A«)*|  l-?l>  J  I 

00  3'4?  Ka» ,?W 

F  (KlBMXOi  ,  T  »  .«*  t»  .  (#.-))•*  J**?. MX  t«  .4)  *•>>*)>  J**4 

3 '■4?  CONTINUE 

*A=I« 7 

jf(  FN.nt.c  )  oo  to  tuSt 

**>s\ 

3C$0  IF  (  Tf.ftt.lOOf)  )  00  TO  OOSd 

NJb1*K4-? 

P-Mel 

00  TO  33*? 

«.)!»? 

t*N?  S  u  »  Jl  =0  1 1 1  *  t»  l  •  I  I  -f  (Ml  t  >  *  t  (  t(j-T  (Pjl  I  >  /  ( T  (PJI  •  T »  -T  <MJl ) ) )  »V  (N( ) 

t'oo  coni i«Mr<Pci“PN 

CSWO 

entry  sum 

c  C*tat«*0LAT|Oh  A*.0  OASt»L  AW)  P #*L  CALCULATION 

on  3 1 1  ft  *  s  |  *  |  •» 
no  |o  ,»si  .:*4**t  »j  vi* «  n 

i*'  continue 

tr  t  kt.fo.i  i  on  to  3i o« 

AJa  IM*  |  •  *|  3) 

(>»  *t 

C*U  F*TP 

no  t.n 

?i  CONTINUE 

CALL  PNLPm  (K»=V(?ITOIX)eV«HVP|tr»aVt  J» 

HI)  CONTINUCAPf  1  lift'd 

csufi* 

fnt#v  SUMS 

C  PT»L  CALCULATION 
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SMARM  IT  |N£  sum  76/74  OPT-J  11/T8/77  14.09.16* 


6ft 


ns 


7ft 


7S 


83 


09*0400  3>07  I* 1 »?41  A?=u$00  1?04  4*i*11t**4*f  J«1  >»10 
YJ*1.S*P1»<C0SI  UJ-S>*Pl/1«ft»-C0SHAJ*9»»Pl/mo> 
A?*A?«<?.  ??7H?SE*#>«fc£  -«*Y.J«  |  P*»(S<J«  ! » /tO>» 

3244  CONTINUE 

Y(t)aK»ALOnU(*?)«l3U*t.?4V34 

0<»*09*>0«*<YU1/l0» 

32'.  7  CONTI  HUF 

09*1  3»AL061 0 I09> 
fiPfllPN 

C5t)«4 

FNTPT  SIIH4 

C  P£S£T  VAPI APLFS 

OC  343?  .lal,?<,iflO  74M  T*l%lS49(I«J>*Stt«4t 
34-31  CONT INMFSYI CJ1  »Y I J1 

14 1?  CON T  J NUf 4Pf  T HBN 
CSUA? 

£NT9Y  SUm> 

C  OFITA  SPL  COPPfCTlOF 

DO  7444  JM,?4*no  34f4  l  =  »,J^7S(|tJV»‘in.J»*7<i 
34  34  CO»»TUtU£«PFTUP.- 

CSMP4 

ENTPY  SU** 

C  S°l  AND  PHI  ADD! T  TON 

09s  ft 

do  394*.  j3j,?4%no  Is-.  i 

SU..I**1‘>*AtsOM')410**  ($11,41/10  •H**(0(t,  .11/101 

1167  CONTINUE 

041*1  >'*61  TO1ftU0**tY1  (Jt/tO •l0**(Y(4t/ICt  I 
04*00.|S**mj>/1*J 
3S04  CONTINUE 

O0a|ft**l,0(‘1CI0V1 

rftmpnseno 
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SUBROUTINE'  pXTP 


76/76  OPT=l 
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PAGE 


1 


1 


s 


10 


IS 


?o 


?s 


30 


35 


40 


45 


55 


60 


SUHROtJT  1 1 JF  FXTP 

C  EX  TP  —  SPl  EXTRAPOLATION  SURROUT1NE 

COMMON/CM 1/L  (9.?4)  ,X  <?4>  .F  <?<*)  «E(24)  .S<l5.?4)  «KK(J>4.51  *C< 15.51  * 
1  0(?C1  .WRf4';i  .RX(40)  ,R(<>0)  .W(1S.«?4)  ,Yl  (?4),Y(?4)  »C1  (15)  .RVF(J»0>  » 
!  Si  <?4>  .G(?,?4)  .C?(16>  .T(2't)  .D(2y>  .W(5)  .A  (4)  .V(3)  »E1  (15.24) 
COMMON  /CM?/  VR.A0.W6«I<  1  .Y9.TR.T5.R7.P1 .Z9.0J* AJ.H.U.E9 
1  .TB. V9.CY.0R.nl .  V0.O9. AR.0.L9. A6.A7.Sf.P4.R9. ALT .SL.AN1 
COMMON  /CM.1/  1 1  AS ( ?) » ! I  CASE (6) * IDCASE (M  * IOENT (ft) 

REAL  L.KK.Kl 
REAL  LI 
G3=4 
Li  =H 

IF(U.FO.?.)L1=H/SIN(AJ*P1/1«0) 

0=?0* (ALOG) 0 (Ll/01 1 ) 

IF (E9.E0. 0. )  GO  TO  470 
DIS=L 1 

IF(E9.LT.?,0)  00  TO  400 
IF  (AI.T/DIS.LT  . .035)  00  TO  400 
IF(ALT.LT. 100.0)  GO  TO  400 
DI S=L 1  * 1 0  0 , 0 / ALT 
C  EGA  CURVE  FIT 

40  0  Cl  J=(.?041 1435E-20*DIS)-.66703095F-|6 

Cl J= (Cl J«DIS) ..72854h03E-12 
Cl  J=(C1  J*OIS)-.3?6504l3F-(.8 
Cl  J=(C1  J«niS)  ♦.49414?SSF-'..S 
Cl  J=(CU«niS)  *.44663'72F-'2 
G1=(C1  J*()IS)  ..593677^? 

C1J=(.14573369F-?4»OIS>-.4M6?934E-?0 
Cl J=(C1 J»OIS)..3?361609E“14 
Cl J*(C1 J«OIS) ♦,3911H97?F-1 3 
Cl J=(Cl J«rnS)-.i046499SF-OH 
Cl J=(C1 J*0lS)*.?912633flE-45 
Cl J«(ClJ»0IS)-.S437V9Q6E-43 
G?=(C1 J*OIS) ..5Q50611? 

IF (OIS.LF .4000* )  GO  10  47o 
G?=S,  0 1  f.?64 

01*15.44041 .,0^01 » (01 S-4009) 

470  00  670  J= 1 » 24 

IF(F(J),GT.4004.)  GO  TO  510 
P3=F( J) 

GO  TO  529 

510  P1s.H9#F(J) 

C  AIR  ATTFNU4T ION  CURVF  FIT 

520  Bl*(-.19973R0OE-l4*P3)*.366lft630E-lC 

R?=(ni«P.3)*,3?3519?4I-07 
B3« (R2*P3) ♦ « 1 349RRR7E-0? 

PAs  (R1*P3) ♦, 1 76Q4677E-0 1 
IF  (E9.FO.O ,  )  <)0  TO  660 
IF (P3.E0.63)  GO  TO  610 
IF (PI, GF. 2000.)  GO  TO  630 
7IP=P3/6?.s 

7  J=  •  i?* ALOG  <  7 1 P )  / ALOG  ( ? ,  f  > 

GO  TO  640 
6 1 1>  7U=0 

GO  TO  640 
610  Z  J*  1 . 

640  G3=(ZJ*(Gl-G?))*G? 

660  X(.j)sX  ( J)  -0-G3-PA*  (  (LI -0.  -/1O00) 

670  CONTINUE 

RETURN 
FNO 
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1 


1 


6 


1C 


IS 


?rt 


?s 


10 


3S 


43 


SUBROUTINE  SHKSUB 

C  SHKSUB  —  SAE  SHOCK  CELL  NOISE  PREDICTION  SUBROUTINE 

COMMON/CM1/L  <9.?4).;<<?4)»F(?4)»E<24).Sn5.?4).KK<?4»5>«C<lSt5>  ♦ 
1  0<?0)  .RR<49)  .RX<49)  .P(?C)  *PUS*24»«YI  (?4>  «Y<?4) ,C1  < 1 5) «RVE <?0>  . 
1  SI  <?4).G(?»?4)»C?<1B).T<?M.I><?C).¥<S>  .A(4).v<3)  *Fl <15.?4> 
COMMON  /CM?/  V8. AO. i»6 .Kl.Y9.TB.TS.R7.pl. 79. 0J»AJ->h»U»F9 
l  .TC.V9.c9.0B.nl .V0.O9. 48.0. L9.A6*A7»S6*B9.R9» ALT. SL.AN1 
COMMON  /CM 3/  1 1  AS  (?) . I ICASF (b) . IOCASE (6) ♦ IPENT (6) 
real  l.kk.ki 
A0*49,'B1  m*SORT  (TO) 

0t=15B=S0»T ( ( V9/C9) **?“1 ) 

0C*1  4*AL0(»l f  ( ( (B**?)*08/D1  )*•?) 

00  39A  K8=1,1S 
AJ»=(k«.11»P1s*10/5h;i 
00  3B4  .)=)«?* 

SJ*ALOGl  ft  (F  ( Jl  +  l  »l*b(t*B/An) 

no  ?S3  k=?,?4 

IF(SJ,GT„S1  (Kl)  00  TO  ?4ft 

?l<)  Cl  Ja(>(?,K-l)  ♦  JSJ-Sl  (K-n  )«(6C‘.K)-0(?,K-1 )  )/(Sl(K)~Sl  (K-l  >  ) 

01=0  (l  .K-l  )  ♦  (SJ-Sl  (K-l  }  )B(G<  l  »K)-G<  1  »K-D  )/(Sl  (K)-S)  (K-l)l 
GO  TO  ?60 

?4 >‘i  1F(K.F(1,?4)  00  TO  ?u> 

?Sft  CONTINUE 

?60  Hl=0 

F1*(?*PJ«F(  t)*1.3l»HB0B/(.7«V4) >*(!♦(. 7*V9/A0)*COS(Aja) ) 

no  36ft  1  =  1 

F?«0 

KENIleB-  ( I  »  1 ) 

KSTART  =  (l$Oo  33C  KsKSTAWT.KfNH 
7!  =  I  *  ?KsK 

F3Bn*(7t*n,r-.06*(«7i»i.o>/?.o*7K)*) 

F?«F?.(C0S(F3)*SlNi,ns»E3)/(.ll5»F3)) 

73*  CONTINUE 

IF(CU.LT,,Ct)  GO  TO  36ft 
M1«H1«((C1 J** ( I ••?) ) *E?) 

760  CONTINUE 

S  (KH.,1)  =()ft  »G1  ♦  10*ALO(»1  3  ( 1  *.?S*H1 ) 

3Hft  CONTINUE 

796  CONTIMUF 

RETURN 
END 
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SUBROUTINE  PNLPT 
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PAGE 


1 


1 


5 


10 


IS 


?0 


25 


10 


35 


SUBROUTINE  PNLPT 

0  PNLPT  —  CALCULATES  PNL.  OASPL*  AND  PNLT 

C0MM0N/CHl/L(R,?41,y (?A).r<24),E(?4),S(l5.?4).KK(?4.5),C(l5,5), 

!  2w->*RP(49’,WX<4<n,P<?t‘)*WnS^4>«Yl  <24)  *Y (?4)  «C1  (15)  »RVF (?G  > . 
1  Sl(/4),r,  (?*?4).C?(15)*T(?*'»)«0C2C1«W(5)*A(4).V(3)»F1(15*?4) 
COMMON  /CM?/  V8,A0.»(p4Kt,Y9.T8.T5«R7«P1.24.nj.AJ.H.UtEV 
1  «T0,VQ.C9,OP*ni ,VC»UV,A8,0.l9,A6tA7,S6.P9,P9,ALT»SL«ANl 

COMMON  /CM  3/  1 1  AS  (?)  «  1 I  CASE  <61  .  IDCASE  <6) »  JOENT (6 ) 

REAL  L.KK.Kl 
TJ=0 
V(1 )=0 
V(?)=C 

00  170  J=l.?4 

rr  (x  ( ji  .ot.o.i  r-o  to  ?oa 

X(  0=1 

IF  {  X  ( .j)  ,0E  «L  (  7 « J)  )  00  TO  1?0 
IP  (X  ( J)  ,C,r  .L  (5*.J)  )  GO  TO  300 
IF  (X  <  J)  .OF.L  (,3»>1)  )  00  TO  ?80 
IF  <X(J)..if,L(  !♦.)))  GO  TO  ?60 
AN=o 

GO  TO  HO 

?60  AN=0. 1  •  (1  (i**(L  (7i,lt*(UJK(|.JMM 

GO  TO  13C- 

?H0  AN=l')*«(L(M,J)*(X(J!-L(5»JU> 

GO  TO  111 

3*o  AN=n**a<4.j>*<x(u»-L(s.j>n 

GO  TO  IIP 

3?0  AN=10»*(^  (H,JIUXU)-t(9<,!UI 

■'30  vmsv(i).io»*uu)/if.| 

V(?)sVt?)»AM 
IF (TJ.GT.AN)  GO  TO  370 
T  j=An 

173  CONTINUE 

V<?1  «3,!.??*OIOG10(VU>*.1S*TJ*.8SI  *<*0 
vn»»iG»«ioGU(vnn 

CAIL  TPNLC(X,P?) 

9«0  VI 3) =V (?) *P? 

RETURN 

End 
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1 

•TPNLC 

THIS  SECTION  CALCULATES  TONE  CORRECTED  PNL 

** 

SPECTPAL  IRREGULARITY  CORRECTION 

c 

r 

THIS  PROCEDURE  DETERMINES  A  SPECTRAL  IRREGULARITY 

5 

c 

(E.G..PURE  TONE)  CORRECTION  EACTOP  =C=  VIA  SECTION  036. 3 

c 

OF  THE  EAA  NOISE  CERTIFICATION  DOCUMENT  (NOV  17.1969)  AS 

c 

A  FUNCTION  OF  THE  UNCORRECTEO  1/3  OCTAVE  SPECTRUM. SPL. 

C 

SUBROUTINE  TPNLC (SPL «PTCOR) 

10 

DIMENSION  SPL (24) , ISPLE<?4) ,SC(24>  «SPLP (24) .SPLPP(?4) ,SP(?S> ♦ 

l 

SRAR(?4>,E(?4) 

C 

C 

•INITIAL 1 7E  SPL  FLAG* 

no  1  1=1,24 

IS 

c. 

c 

1 

ISPLF(I)  =  0 

•STEP 

1* 

no  5  1=4.24 

5 

SC ( I ) =SPL  < I )  -  SPL(I-l) 

?.o 

c 

c 

•STEP 

2  AND  3* 

30  K  1=5,24 

.E(ABS(SC(I)-SC(I-l)).LE.5.0)  GO  TO  10 
IE(SC(t),GT,O.O.ANO.SCU).GT.SCU-l))  ISPLE(I)=1 

25 

/■< 

10 

IF(SC(!)«LF, 0 ,6. AND .SC (I-ll.GT.9.0)  |SPLE(I-1)«1 

CONTIMUF 

C 

c 

•ST..P 

4* 

no  ?s  i=i,24 

30 

c 

If'ISPLF(l).EO.O)  GO  TO  20 

IF (I.F0.241  GO  TO  IS 

STEP  4B  MODIFIED  SUCH  THTT  PPECFDING  AND  FOLLOWING 

c 

NON-ELAGGED  SOU’ iD  PRESSURE  LEVELS  EMPLOYED  IN  AVERAGE. 

II  =  I 

35 

11 

DO  U  JM»20 

11  «  I 1-1 

tF(ISPLE(t:).CO.O*  GO  TO  12 

CONTINUE 

l? 

S°LL  s  SPL (III 

40 

13 

!»1  *  I.) 

no  n  js.tfi.24 

|E  (  JSRLe  ( J)  .CO.Ii )  GO  TO  14 

CONTINUE 

J  a  24 

45 

14 

SPED  ■  SPL ( J) 

SPIP<!>  *  (SPLL*SPLU)/2. 

GO  TO  25 

IS 

SPL® (?4)  a  SPL(23)*SC(23) 

GO  TO  25 

SO 

20 

SPL®!!)  a  SPL (I) 

?s 

CONTINUE 

c 

•STEP 

S» 

DO  31  1*4,24 

ss 

30 

SP(t)  a  SPLP ( I ) -S®L® ( 1 - 1 1 

SP(1)  *  SP»4) 

SP(?5)  a  S® (24) 

2C3 
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40 


45 


70 


75 


80 


84 


90 


•STE  °  4* 

DO 


DO  35  I=3»?3  .  , 

SBAR<U  =  <SP< !>  *SP <!♦!  > *SP(  1  ♦?! 1 /3. 


•STEP  7* 

SPLP'MU  =  SPL  ( 1 ' 

SPLPP<?>  *  SPL < ? 1 
SPLPP(3i  =  SPL ( 3> 

DO  40  I=4.?4 

0  SPLPP(I»  =  SPLPP  < I - H  *S4 AR ( I- 1 » 


•STFP  8* 

HO  45  1=1 *?4 

c  F(t>  =  SPL (I) -SPLPP m 


c 

c  *STFP  R  and  10* 

C^AX  =  O.f- 

DO  45  1  =  1  i?4  „  Cls 

|F(I.r,E.U.AN0.1.LE.?\>  r’0  TO  50 
r  •FRPO  5 '4H7  Op  PRf  iHS'.'OCPZ* 

TC?  =  E(1)/4. 

TC3  =  3.733 
00  TO  55 

C  •SO''  =FREO  =4000HZ# 

50  TC?  =  H  O /3. 

TC3  =  4.464 

56  !F(F<|),LT.3.0»  f'0  TO  4S 

TF(F(U.AE.?O.J»  50  TO  60 
CMAX  =  A«AX1 tCPAX  « TC?) 

00  TO  45 

60  CMA*  =  AMAXt (CMAX.TC3) 

65  CONTINUE 

PTCOP=CMAX 
500  RETURN 

ENO 
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1 


5 


10 


15 


20 


25 


10 


35 


40 


45 


SO 


55 


SUBROUTINE  PNTTft 

C  PNTTft  —  PRINT  AND  FPNL  CALC  SUBROUTINE 
C 

C0MM0N/CM1/L(9.24).X(?4) ,F<?4) ,E (24) ,S( 15.24) ,KK (?4.Sl *C( 15,51 , 
l  0(20>*RR(4R),RX(49)*P(20)*R(15.24)*Y1 (24) »Y (24) .Cl ( 15) *RVE(20> » 
1  S1(?4)»G(?»?4).C?(151,T(20) .0(20) ,M(51 ,A(4) ,V(3) »F1 (15*24) 
COMMON  /CM2/  V8.A0.MB.K1 .Y9.Tft.T5,R7.P1,Z9,0J»AJ»H.U,E9 
l  .T9.V9.Cft.Oft.nl  ♦V0«(>9,A8»G.L9,A6,A7.S6»P9,R9.ALT,SL»AN1 
COMMON  /CM.3/  IlAS(?)*IlCASE(4».I0CASE(4)*inENT(6> 

RFAL  L.KK.K1 
REAL  MP.KT 
C 

1100  F0RMAT(/////5CX.1H«  *?A1 0) 

1061  F0PMAT<5CX,1H*»F7,1 ,*  FOOT  ALTITUDE*) 

IOC?  FORMAT (5CX.1H*»F7,1.*  FOOT  SIDELINE*) 

I ft04  FORMAT <5CX,1H*,F7.1 ♦*  FOOT  ARC*) 

1004  FOBMAT(50X.9H*  NO  EGA  ) 

100ft  FORMAT (50X.11H*  FULL  FGA  ) 

1009  FORMAT (50X.21H*  100  FOOT  LAYER  EGA  ) 

Hlfl  FORMAT (50X  , 1H*,F6«0»*DEGRFF  STANDARD  DAY*//50X,*ACOUSTIC  ANGLE* 
1*  FROM  INLET*/*fi  FREN  ?A  35  40  50  60  70* 

I  •  80  90  100  110  120  130  140  150** 

1  *  160  PWi.*) 

1012  FORMaT(F7.0»16F7.1) 

1014  FORMAT  (1X.A6.16F7.I ) 

1.116  FORMAT!*  FPNL**. F4, 11 

1017  FORMAT ( IH1///,33X»*NIGH  VELOCITY  JET  NOISE  PROGRAM  -  * 
l  *FNGINEFRING  CORRELATION*//) 
l<*lft  FORMAT (11X.6A10) 

C 

PRINT  1017 

WRITF(6.1CIHU1!CASF(D.1*1.61 
99Q  PRINT  1000.  (II AS (111*11*1. 2) 

1F(U.E0.I.1  GO  TO  160 

IF  (Sl.NE.0.01  GO  TO  159  $  IF  (V0.NE.0.01  GO  TO  159 
PRINT  1002.M  %  GO  TO  170 

159  PRINT  1001* ALT 
PRINT  100?. SL 

GO  TO  170 

160  PRINT  1004. H 

170  IF(F9-1)  171,172,173 

171  PRINT  1006  «  GO  TO  200 

172  PRINT  100B  %  GO  TO  200 

173  PRINT  1009 

209  PRINT  1010, TO 

00  320  J»1»24 

PRINT  101?.F(J),(S(I,J1,I*1.15),V(J1 
320  CONTINUE 

IIASU  >*5HOASPL 

PRINT  1014.  HASH!,  (0(1)  ,1*1,15)  .09 
IIASd  )*3mPNL 

PRINT  lP14,!lA5(l).mi).I*i.!5) 

I  IAS ( 1 ) *4HPNLT 

PRINT  K))4,|IAS(1),(P(I).I*)*1S) 

PRINT  325 
325  FORMAT < 1  MO ) 

IFCVO.EQ.O.I  GO  TO  10«0 
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60 


6S 


70 


7S 


80 


85 


90 


95 


100 


105 


110 


IFdJ.EO.l.)  GO  TO  1080 
C  FPNL  CALCULATION 

T  1  =  0. 

MP=0.0 

71=0. 

Z3=0. 

SJ=0. 

C  FLYOVER  TIME  CALCULATION 

OO  5J0  Jl=l»15 
AJ=(J1 ♦ 1 >*10 

T(J1)=(H/SIN(AU*P1/180.))/AO 
7670  WJ=H/<SlM(AJ*Pl/lftO.)/COS(AJ»Pl/lftO.>) 

ASK=(AJ-10)*P1/1B0, 

KT=(H/(S!M(ASK)/COS(ASK) 1-WJ1/V0 
7685  IF(Jl.EO.t)  60  TO  490 

D(jn  =  T(.m*n<J1-l)*KT-TUl-ll 
60  TO  500 

490  0  <  J 1 ) =T (J1 ) *KT 

500  CONTINUE 

KT=0(fi) 

DO  540  J=1 t 15 
T(J»=0(J)-KT 
540  CONTINUE 

C  PNLT  MAX  SEARCH 

DO  610  J=1 « 15 
IF(P(Jl .fiT.MPl  GO  TO  590 
60  TO  610 
590  MP=P(J1 

TJ=T(J» 

619  CONTINUE 

C.JcMP-1  9. 

C  INITIAL  AND  EIMAL  TIME  DETERMINATION 

00  68<J  J=t.t5 
IF (P (,M  »LT »CJ1  60  TO  680 
IF ( ( J-l ) ,LT»1 >  60  TO  750 

n7=TU>-(!  IJ)-l(J-m*|P(JI-CJI/IP(J)*P(J-lll 
GO  TO  690 

680  CONTINUE 

690  DO  740  JJ=1 .15 

J«I6-JJ 

IF(P(J) .LT.CJ)  GO  TO  740 
IF ( ( J*1 > .6T.15)  00  TO  780 

n?*TUIUTI,IUM(JH'IPUl-CJ)/IPIJI-P|JU)l 
60  TO 

740  CONTINUE 

750  7I»P(2>-Pm 

07»TU)-((PU)~CJ)/ZI>«(T(2)-T(U) 

GO  TO  690 

780  ?3*P<14)-P(15) 

D9«T(I5) M (P(15)-CJ)/Z31«(T< 15)-T<I4» ) 

T(I6)»D9 

P(I61»CJ 

C  INTEGRATION  START 

8ZO  IFIZl.EO.O.*  60  TO  880 

Tl«IFIX<2.*TJ-07> 

1-0 

GO  TO  904 
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115 


120 


125 


130 


135 


880  Tl»!Fm?.»UJ-T<ll») 

!»t 

909  T.MTJ-T1/2 

910  IFdJ.GT.TdM))  GO  TO  !0?0 
TT*T  ill 

IF ( I .FO.O)  TT*07 
IF(TT.EO.TdM))  GO  TO  950 
01*(TJ-TT)/<T<I*11-TT» 

GO  T«  960 

950  Q1»UJ-T<  I  ♦1»»/<T<I*2»-T  <!♦!>» 

960  PJ*P(I)*01*(P<I*n-P<I)» 

IF(RJ.LT.CJ)  GO  TO  990 
SJ»SJM0.**<RJ/10.) 

990  TJ*TJ*.5 

GO  TO  910 
lft?0  I  *  I  ♦  1 

IF<73,EG.O.)  GO  TC  1050 
IFd.GT.15)  GO  TO  1060 
GO  TO  9J0 

1050  IFd.LF.116))  GO  TO  910 

1060  F3=dC.«ALOG1015U))-13. 

PRINT  1016.  « 1*IFIM  10.*E3*»5) 

1080  RETURN 

END 
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10 


IS 


?<) 


25 


30 


IS 


40 


4S 


SO 


ss 


RLOCK  DATA 

COMMON/CM) /L(9. 24)  ,  X  ( 24 1  ,F (24) ,E(24),S( 15.24) .KK(?4,5),C< 15,5)  , 
O(?0>  .WP(49)  ,RX  (49)  ,P(?0)  ,p(  )s.?4)  ,Y1  (?4)  ,Y<?4)  ,CU15> »PVF<?0)  . 

Sl(?4UC,(A,?4,,c?(15).T(2.>WDr?0),W(5).Ai4)‘v(3>,Fl(15!?M 
COMMON  /CMP/  V8,AO.W8.Kl,Y9.Tfl,T5.R7.Pl,Z9.0J.Aj.H«!I.E9 
.T'.,  09,  C9, 08,01  .VO,09,A8,Q,L9,A6,A7.$6,P9,P9,ALT.SL.AN1 
COMMON  /Cm3/  I  IAS  (?) , I ICASF (6) « IDCASE (6) , IOENT (6) 

PF  AL  (.  t  KK  *K  1 

SAF  JET  MIXING  NOISE  CUPVF  FIT  COEFFICIENTS 
OATA  W/ 

.74P47«SG.64<>ft603?4.2.61  3i  6«O,-17,02B?46,-3i  .584975/ 

OATA  ((C(i,N),N=lt5),T=i,)Sl/ 

134. 1671,78, 131 ?9» 1 3,5721 6, -3S. 85844 ,-R6.H?R9l , 

1 36,5827,77 ,9? 3 3ft. 14. 75*07, -33.?490 1 .-1 0 1 . 689?, 

1  36,  ‘>f06  *  7 7, 936 AS.  1 6. 55295, -33. 08064 •-) 09,  *477. 

! 36, 3,77.94 105. 18.44 398, -3 1.98636,-124. 1251  , 
116,3r79»7«,Sf,(1S8,?o.l  3687.-32.57S60.-l  31  .9922, 
!«^r‘>’,rt*?^?3*;>?*?ft',73*-:,C;*l(0B6,.143.064S. 

I  37, 0991, 7M.  3.^67.22.17388. -?9.  12441, -136. 9456. 

139, 2  326. 8  o.  «•;  132 .2  3. 7  70  3  j, -31  ,64966.-1 46.  ?69S, 

1 4  '.77SS»M3,3??37.?l , 1 3044,-34.51 ) 63,-1 19,4629. 

14?. 7436, 86. Su671. 22. 4911 7, -33. 24900, -111. 0132, 

°2,h5 1  .53.9731  1  .-80.3C287.-2S4.U7H4, 

1 49.S492. 1  OS, 6868, 4  v,  77499,-1  OH,  ,1806.-262 .8197, 

IS*  ,9"4P.  1  07,''227».3?.S6691  .-ISO.  7574,- 3?3. 1  343, 

1S|  1  89 »9M. 9545?, -is, 6644 3. -I  3J  ,8180.-88.57726/ 

OATA  MKK(i,ni,N-M. SI. 1  =  1.1?!/ 

-18,54962,1 ,771 008, -8. 731 99?,, 101 391..86363u5. 

-10,4  7272.-2,038344 .-9, 375.(26.  !  .  1 1  7 1 8 3 . , 93496 ) 8 , 

-1  o,92f.  19. 967566. -8. 946933,  1,2698?4.. 7043903, 

-l: , 61639. 4. 4S2847, -8. 556?68,-, 47)789) ..7829865, 

-  j%r46?2«-l,  11499,-10,29365. 1.40  76  77..  961  1449, 

-10,?  1116.-1  ,664881 , -1C, 7SH0M.1  ,045175.  | ,  14*23.1, 

-  I  0,572V 7, 3,833P69»-h,4  7?41 \ , ,C446?22» , 7277405, 

-10.236) 6, -1,286685. -11,13199,1. ,,76169. 1.066819. 
-10,64444,-3,383646,-11 ,9368.1,69587?, 1 ,S49h94, 

-l 0,5277 l ,?,1 US  704,-8,993265 *,4974295. ,788299?. 

-1 1.0, 3*>S?,- 3,665336. -10, 51  3?.  1 ,784495,.  7993335. 

-11,6  829  3,-6,134871  .-1C. I  704 3.1,993965.. 57405 19/ 

DATA  <(KK(I.*ll,N=l, 51, 1  =  13,24)/ 

-n.203?o,-l,4?3?8?. -8, 5686??.  I.  36979?,, 500  3525, 

‘  403244?, 

-11,  |9''08,-9,?5??06«-7,B?8  30r»,3,004999.-.?370745. 

’  ^->  1.7.1308.-8, 161 604.3.560226. -.24 13976, 

-1 6, 53499. -15, 38886, -S. 695258.4. 65508?. -.9454673, 

•1 2,9684  3 ,-lfl,?6 358, -8,530573, 1,485636. , 1 9S9 1 ? , 

-1 7,11  ;34 ,-l 7, 66  003. -6, 628626, 4, 850326, -.8765674, 

-?A. 08 74 9, -? \,l | 827, -3. 2 ?9?56, 5, 6 3 796  I ,-l ,727925. 

^a*o2i72’",4,h0WSS*’7*363,75***30,73,;'-.A'>*1Sf. 

-!9.?C043,-??.943R9,-5.903727,6,u946??.-1,100933, 

-??, 78446. -26. 49346, -1,355867, 6. 749632. 499507/ 

PNL  CALCULATION  COEFF 1C IFNT9 
OATA  <  (I.  ( J,  1 1 , J=1 ,91 , 1  =  1 , 1  ?i / 

44,,.. ”>68160, 51,  ..OSA-QM, 6f.,.  040570. «6. 86,. 030 1 03. 51,. 
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2 


I 

\ 

I 


1  39... 06ftl60, 46,,.eS?2ft«»56... 636831, H7. 32 
1  34...  '•.S9640, 4?.  ..047334.53...  036831  «79,flS 
60  1  3H. .. 0F30n. 39. ,.043ft7-), SI. . .035336,74. 76 

1  27, « .CS391 3, 36, ,  . C4 JS73.44. ,  ,013333. 7S ,96 
l  ?4..,/'S3013.33,. ,C4i>??1  .46. », £33133.7 3.96 
1  21... 1S3M 3, 1C... 037149.44, ..*12051. 74. 91 
1  1ft.  »  .•')S31 1  3,27. ♦ .034BS9.4?. , ,0 3Cb7S.94.63 
6S  l  16. ..0S1C13.PS.. ,0V.ftS9. 4;  .. .030103. HO.O 

1  16...  0‘>70n,?S,,.034ftS9»4f,..,  0301 03,  100.0 
1  16...0S3f  n.BS.,,i*34ftS9, 4i...  0301 03,  100.0 
DATA  ((L().n.J>1.9».I  =  13*?41/ 

1  16...OS3*'13.?S.,.034ftS9.4O.,.O3Ol03»100,6 
70  1  16... 0^3013, ?S.,.C34HS9.4»...,030l«'3,U0.O 

1  lS...'«S9h4(',?3.,.C34ftS9,3ft...C30t(3.1v0.ll 
1  12,..0S3013»?1...(i4u??1  *34. » ,029960. 1  00.0 
1  09... 0  SIM  3, l ft. ..037349. 32... "29960,100,0 
l  OS...  4771 2, 1S,,,r39MS4.3i  ...029960.109.0 
7S  1  04...:477JP.l4,,.t34**4,?Q.,,c;>996l>.l('0.r» 

1  OS... "SIC  1  3,  l4,,.ti34M44,?4.,,  029960.  luO.O 
1  *6.  ♦  .  "SI'1 1  3,|S..,{'  34ftS9»3'i.  «  ,*29960, 100,0 
t  1  0...34M6C.1  7. ♦, 037349. 3)  29969.1  00.0 

1  17,  .  ,  ‘'79520.23,  «  ,637349,37,  »  ."4J2ftS.44.29 
ft:.  1  21. ,.1S96«9. ?4... (.43S7J.41,. ,042?ftS.5'. 72 

E6H 
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.030103,49., 

•  0 3U 1 03.47.  . 

•  0  30 1 03.46, « 
.039103, 4S., 
,030103.43,. 
,030lo3.42., 
,030103.41,. 
.03C103.40., 
,C3C 1 03.40, , 
.03otC3.40,/ 

,030103.40,. 

•  03C I 03«40,  , 
,030103.3ft.. 
.029960.34,, 
.029960.32.. 
,029960.30.. 
.029960,29,. 
.029960.24., 
,029960. 30, » 
,029960,31,. 
,029960,34,, 
.029460.37./ 
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APPENDIX  B 


DATA  BASE  FOR  THE  ENGINEERING  CORRELATION  FROM  PUBLISHED  LITERATURE 


The  published  literature  which  supplied  the  data  base  for  the  engineering 
correlation  is  identified  in  Tables  B-l  through  B-13.  The  tables  are  orga¬ 
nized  according  to  type  of  nozzle  and  type  of  suppressor;  a  table  is  provided 
for  each  combination.  Following  the  tables,  a  bibliography  la  provided  to 
identify  each  source  listed  in  the  tables;  this  bibliography  is  separate  and 
independent  of  of  the  Reference  List  at  the  end  of  this  report. 


Internat  f ooal 
Sycposiuu  on 
AIi  Breathing 


29b 


I  I  I 


4  j 

£  I 


r*.  oh 

H  H 


pH  M  fltf 

I  O'  v©  U 

M  lA 

§?  a*  a 
si  ie  a 


|H  5 
M  pi  H 


C— 68259  Jet  (Variable) 


—3b<ari 


69-0169  Model  |  Ferfleld  -  -  Yes  Shroud 


MM 


309 


Y:.*««%V* 


BIBLIOGRAPHY 


1.  Knott,  P.R. ,  et  al.  "Supersonic  Jet  Exhaust  Noise  Investigation," 
Technical  Report  AFAPL-TR-76-68,  July  1976. 

2.  Lu,  H.Y. ,  Morden,  D.B.,  Benefiel,  R.L,  and  Simcox,  C.D.,  "SST  Technology 
Follow-On  Program  -  Phase  I,  'Performance  Evaluation  of  an  SST  Noise 
Suppressor  Nozzle  System,"  FAA-SS-72-40,  February  1972. 

3.  Wright,  C.P. ,  Morden,  D.B. ,  and  Simcox,  C.D.,  "SST  Technology  Follow-On 
Program  -  Phase  I,  A  Summary  of  the  SST  Jet  Noise  Suppression  Test 
Program,"  FAA-SS-72-41,  February  1972. 

4.  Brausch,  J.F.,  "Flight  Velocity  Influence  on  Jet  Noise  of  Conical 
Ejector,  Annular  Plug  and  Segmented  Suppressor  Nozzles,"  NASA  CR-120961, 
August  1972. 

5.  Coles,  W.D. ,  Mihaloew,  J.A.,  and  Swann,  W.H.,  "Ground  and  In-Flight 
Acoustic  Performance  Characteristics  of  Jet-Aircraft  Exhaust  Noise 
Suppressors,"  NASA  TND-874,  August  1961. 

6.  Benham,  R.B. ,  "Investigation  of  New  Concepts  for  the  Suppression  of 
Jet  Noise,"  NAPTC-AED-1897 ,  February  1969. 

7.  Burley,  R.A. ,  Karabinus,  R.J.,  and  Friedman,  R.J. ,  "Flight  Investi¬ 
gation  of  Acoustic  and  Thrust  Characteristics  of  Several  Exhaust 
Nozzles  Installed  on  Underwing  Nacelles  on  a  F-106  Airplane," 

NASA  TMX-2854,  August  1973. 

8.  Atvars,  J. ,  et  al.  "Development  of  Acoustically  Lined  Ejector  Technology 
for  Multitube  Jet  Noise  Suppressor  Nozzles  by  Model  and  Engine  Tests  Over 
a  Wide  Range  of  Jet  Pressure  Ratios  and  Temperatures,"  NASA  CR-2382, 

April  1974. 

9.  Beulke,  M.R.  et  al.,  "A  Forward  Speed  Effects  Study  on  Jet  Noise  from 
Several  Suppressor  Nozzles  in  the  NASA/Ames  40-  BY  80-Foot  Wind  Tunnel," 
NASA  CR- 114 741. 

10.  Maiden,  D.L. ,  "Performance  Comparison  of  a  Lobed-Daisy  Mixer  Nozzle 
With  a  Convergent  Nozzle  at  Subsonic  Speeds,"  NASA  TMX-2806, 

September  1973. 

11.  Hoch,  R.  and  Hawkins,  R. ,  "Recent  Studies  Into  Concorde  Noise 
Reduction,"  AGARD-CPP-131. 

12.  Hoch,  R.G. DuPonchel,  J.P.,  Cocking,  B.J.,  and  Bryce,  W.D., 

"Studies  of  the  Influence  of  Density  on  Jet  Noise,"  A  paper  presented 
at  the  First  International  Symposium  on  Air  Breathing  Engines, 

June  1972. 


314 


13.  Maestrello,  L. ,  and  McDaid,  E. ,  "Acoustic  Characteristics  of  a  High- 
Subsonic  Jet,"  AIAA  Journal  Vol.  9,  No.  6,  pp  1058-1066,  June  1971. 

14.  de  Belleval,  J.F. ,  Chen,  C.Y. ,  and  Perulli,  M. ,  "Investigation  of  In- 
Flight  Noise  Based  on  Measurements  in  an  Anechoic  Wind  Tunnel,"  Paper 
presented  to  Sixth  International  Congress  on  Instrumentation  in  the 
Installation  of  Aerospace  Simulation,  September  1975. 

15.  Smith,  W. ,  "The  Use  of  a  Rotating  Arm  Facility  to  Study  Flight  Effects 
on  Jet  Noise,"  Paper  Presented  at  the  2nd  International  Symposium  on 
Air  Breathing  Engines,  March  1974. 

16.  Olsen,  W.A. ,  Gutierrez,  O.A.,  and  Dorsch,  R.G.,  "The  Effect  of  Nozzle 
Inlet  Shape,  Lip  Thickness,  and  Exit  Shape  and  Size  on  Subsonic  Jet 
Noise,"  NASA  TMX-68182,  January  1973. 

17.  von  Glahn,  V. ,  Groesbeck,  D.,  and  Goodykoontz,  J,  "Velocity  Decay  and 
Acoustic  Characteristics  of  Various  Nozzle  Geometries  with  Forward 
Velocity,"  NASA  TMX-68259,  July  1973. 

18.  Packman,  A.B.,  Ng,  K.W. ,  and  Patterson,  R.W. ,  "Effect  of  Simulated 
Foreward  Flight  On  Subsonic  Jet  Exhaust  Noise,"  AIAA  75-869,  June  1975. 

19.  Bushell,  K.W. ,  "Measurement  and  Prediction  of  Jet  Noise  in  Flight," 

AIAA  75-461,  March  1975. 

20.  Brooks,  J.R. ,  and  Woodrow,  R.J.,  "The  Effects  of  Forward  Speed  on  a 
Number  of  Turbojet  Exhaust  Silencers,"  AIAA  75-506,  March  1975. 

21.  Brausch,  J.F.  and  Doyle,  V.L.,  "Supersonic  Transport  Noise  Reduction 
Technology  Summary  -  Phase  I,"  FAA-SS-72-42,  December  1972, 

22.  "Fundamental  Study  of  Jet  Noise  Generation  and  Suppression,"  ASD-TDR- 
63-326,  March  1963. 

23.  Nagamatsu,  H.T. ,  Sheer,  R.E. ,  Jr.,  and  Bigelow,  E.C.,  "Subsonic  and 
Supersonic  Jet  Flow  and  Acoustic  Characteristics  and  Supersonic 
Suppressors,  "General  Electric  Co.,  72CRD2&4,  September  1972. 

24.  MacGregor,  G.R. ,  and  Simcox,  C.D.,  "The  Location  of  Acoustic  Sources 

in  Jet  Flows  By  Means  of  the  ’Will  Isolation'  Technique,"  AIAA  73-1041, 
October  1973. 

25.  Nagamatsu,  H.T. ,  Sheer,  R.E. ,  Jr,,  and  Gill,  M.S.,  "Flow  and  Acoustic 
Characteristics  of  Subsonic  and  Supersonic  Jots  from  Convergent  Nozzle," 
NASA  CR-1693,  December  1970. 

26.  Stone,  J.R.,  "On  the  Effects  of  Flight  on  Jet  Engine  Exhaust  Noise," 

NASA  TMX- 71819,  1975. 


315 


27.  Ranner,  J.A. ,  "Velocity  and  Shear  Profiles  in  the  Subsonic  Jet  Efflux 
From  Model  Scale  Sound  Suppressors,"  The  Boeing  Co.,  Report  No.  D6-15071, 
March  1966. 

28.  North,  W.J.  and  Coles,  W.D.,  "Effect  of  Exhaust-Nozzle  Ejectors  on  Turbo¬ 
jet  Noise  Generation,"  NACA  TN  3573,  October  1955. 

29.  Cocking,  B.J.,  "The  Effect  of  Temperature  on  Subsonic  Jet  Noise," 

N.G.T.E.  Report  No.  R-331,  May  1974. 

30.  Blozy,  J.T.,  et  al.,  "Supersonic  Transport  Noise  Reduction  Technology 
Program,"  FAA-SS-73-29,  September  1975. 

31.  von  Glahn,  U. ,  Goodykoontz,  J.,  and  Wagner,  J.,  "Nozzle  Geometry  and 
Forward  Velocity  Effects  on  Noise  for  CTOL  Engine  -  Over-The-Wing 
Concept,"  NASA  TMX-71453,  October  1973. 

32.  von  Glahn,  U.  and  Groesbeck,  D. ,  "Influence  of  Mixer  Nozzle  Velocity 
Decay  Characteristics  on  CTOL-OTW  Jet  Noise  Shielding,"  AIAA  75-97, 
January  1975. 

33.  Reshotko,  M. ,  Goodykoontz,  J.H. ,  and  Dorsch,  R.G.,  "Engine  -  Over-The- 
Wing  Noise  Research,"  NASA  TMX  -68246,  July  1973. 

34.  von  Glahn,  U.  and  Goodykoontz,  J.,  "Installation  and  Airspeed  Effects  on 
Jet  Shock-Associated  Noise,"  NASA  TMX-71792,  November  1975. 

35.  Semrau,  W,  "Research  on  Jet  Noise  Generation  and  Suppression,"  General 
Electric  Co.,  R63FPD224,  August  1964. 

36.  Plumblee,  H.E. ,  et  al.  "The  Generation  and  Radiation  of  Supersonic  Jet 
Noise,"  AFAPL-TR-72-53,  July  1972. 

37.  von  Glahn,  U. ,  Sekas,  N. ,  and  Huff,  R.,  "Forward  Flight  Effects  on 
Mixer  Nozzle  Design  and  Noise  Considerations  for  STOL  Externally  Blown 
Flap  Systems,"  AIAA  72-792,  August  1972. 

38.  Ahuja,  K.K. ,  and  Bushell,  K.W. ,  "An  Experimental  Study  of  Subsonic  Jet 
Noise  and  Comparison  With  Theory,"  Journal  of  Sound  and  Vibration  (1973) 
30(3),  pp  317-341,  May  1973. 

39.  von  Glahn,  U. ,  Groesbeck,  D. ,  and  Reshotko,  M.,  "Geometry  Considerations 
For  Jet  Noise  Shielding  With  CTOL  Engine  -  Over-The-Wing  Concept," 

AIAA  74-568,  June  1974. 

40.  Hermes,  P.H. ,  arid  Smith,  D.L.,  "Measurement  and  Analysis  of  the 
J57-P21  Noise  Field,"  AFFDL-TR-66-147,  November  1966. 

41.  Eggers,  J.M. ,  "Velocity  Profiles  and  Eddy  Viscosity  Distribution 
Downstream  of  a  Mach  2.22  Nozzle  Exhausting  Into  Quiescent  Air," 

NASA  TND-3601,  1966. 


316 


42.  Trevett,  E.G.,  "Velocity  Measurement  in  a  Jet  From  a  Convergent  Nozzle," 
Rolls  Royce  Report  AP5531,  1968. 

43.  Plumblee,  H.E. ,  et  al.,  "The  Generation  and  Radiation  of  Supersonic  Jet 
Noise,"  Final  Report,  Contract  No.  F33615-73-C-2032,  December  1975. 

44.  Laurence,  J.C.,  "Intensity  Scale  and  Spectra  of  Turbulence  in  Mixing 
Region  of  Free  Subsonic  Jet,"  NACA  Report  1292,  1956. 

45.  Benzakein,  M.J.  and  Knott,  P.R. ,  "Supersonic  Jet  Exhaust  Noise,"  Tech¬ 
nical  Report  AFAPL-TR-72-52;  August  1972, 

46.  Knott,  P.R.,  "Supersonic  Jet  Exhaust  Noise  Investigation,"  Technical 
Report  AFAPL-TR-74-25,  June  1974. 

47.  Mani,  R. ,  et  al.,  "Theoretical  Developments  and  Basic  Experiments," 
FAA-RD-76-79,  II,  May  1978 

48.  Pitkin,  E.T.  and  Glassman,  "Experimental  Mixing  Profiles  of  a  Mach  2.6 
Free  Jet,"  ASTIA  AD-202294,  August  1958. 

49.  Anderson,  A.  and  Johns,  F. ,  "Non-Dimensional  Characteristics  of  Free  and 
Deflected  Supersonic  Jets  Exhausting  Into  Quiescent  Air,"  NADC  -  ED- 
5401,  March  1954. 

50.  Warren,  W.R.,  "An  Analytical  and  Experimental  Study  of  Compressible 
Free  Jets,"  Doctoral  Dissertation,  Princeton  University,  1957. 

51.  Potter,  R.C.  and  Jones,  J.H.,  "An  Experiment  to  Locate  the  Acoustic 
Sources  in  a  High  Speed  Jet  Exhaust  Stream,"  Wyle  Lab  Report,  1967. 

52.  Nagamatsu,  H.T. ,  Sheer,  R.E,  Jr.,  and  Gill,  M.S.,  "Flow  and  Acoustic 
Characteristics  of  Subsonic  and  Supersonic  Jets  From  Convergent  Nozzle," 
Final  Report  Contract  No.  NASW-1784,  July  1969. 

53.  Ollerhead,  J.B.,  "Some  Shadowgraph  Experiments  With  a  Cold  Supersonic 
Jet,"  Wyle  Research  Report  WR  66-44,  October  1966. 

54.  Faris,  G.N. ,  "Some  Entrainment  Properties  of  a  Turbulent  Axi-Symetric 
Jet,"  Miss  State  University  Aerophysics  Department  Research  Report 
No.  39,  January  1963. 

55.  Clepluch,  C.C.,  et  al.,  "Acoustic,  Thrust,  and  Drag  Characteristics  of 
Several  Full-Scale  Noise  Suppressors  for  Turbojet  Engines,"  NACA  TN-426, 
April  1958. 

56.  Burley,  R.R. ,  "Suppressor  Nozzle  and  Airframe  Noise  Measurements  During 
Flyover  of  a  Modified  F106B  Aircraft  With  Underwing  Nacelles,"  NASA 
TM-71578,  November  1974. 


317 


57.  Burley,  R.R.,  "Flight  Velocity  Effects  on  the  Jet  Noise  of  Several 
Variations  of  a  104-Tube  Suppressor  Nozzle,"  NASA  TMX-.3049,  July  1974. 

58.  Fabris,  G.  and  Fejer,  A. A.,  "Confined  Mixing  of  Multiple  Jets," 
AF0SR-TR-73-0591,  November  1972. 

59.  Motsinger,  R.E.  and  Sieckman,  A.R. ,  "Prediction  of  Supersonic  Jet 
Noise  Reduction  Using  Multitube  Nozle  Suppressors,"  General  Electric 
Co.,  R73AEG156,  March  1973. 

60.  Gray,  V.H.,  Gutierrez,  O.A. ,  and  Walker,  D.Q.,  "Assessment  of  Jets  as 
Acoustic  Shields  by  Comparison  of  Single  and  Multitube  Suppressor  Nozzle 
Data,"  NASA  TMX-71450,  October  1973. 

61.  Lawrence,  R.L. ,  O'Keefe,  J.R. ,  and  Tate,  R.B.,  "Multielement  Suppressor 
Nozzles  for  Thrust  Augmentation  Systems,"  AIAA  72-131,  January  1972. 

62.  Nagamatsu,  H.T. ,  and  Sheer,  R.E. ,  Jr.,  "Flow,  Thrust,  and  Acoustic 
Characteristics  of  50  Tubes  With  50  Shrouds  Supersonic  Jet  Noise 
Suppressor,"  70-C-142,  February  1972. 

63.  Atvars,  J. ,  et  al. ,  "SST  Technology  Follow-on  Program  -  Phase  II," 
FAA-SS-73-11,  March  1975. 

64.  Sowers,  H.D. ,  "Research  on  Jet  Noise  Suppressor  Designs,"  General 
Electric  Co.,  R65FPD196,  August  1965. 

65.  Stone,  J.R.  and  Gutierrez,  O.A.,  "Noise  Tests  of  a  High  Aspect  Ratio 
Slot  Nozzle  With  Various  V-Gutter  Target  Thrust  Reverser,"  NASA 
TMX-71470,  November  1973. 

66.  Coles,  W.D.,  "Jet-Engine  Exhaust  Noise  From  Slot  Nozzles,"  NASA  TND-60, 
September  1959. 

67.  Stone,  J.R.  and  Gutierrez,  O.A,,  "Small-Scale  Noise  Tests  of  a  Slot  Nozzle 
with  V-Gutter  Target  Thrust  Reverser,"  NASA  TMX-2758,  April  1973. 

68.  Reshotko,  M. ,  "Preliminary  Noise  Tests  of  the  Engine  OTW  Concept," 

NASA  TMX-68032,  March  1972. 

69.  Chamberlin,  R.,  "Flyover  and  Static  Tests  to  Study  Flight  Velocity 
Effects  on  Jet  Noise  of  Suppressed  and  Unsuppressed  Plug  Nozzle  Configu¬ 
rations,"  NASA  TMX-2856,  August  1973. 

70.  Clark,  B.J. ,  "Full-Scale  Experiments  With  an  Ejector  to  Reduce  Jet 
Engine  Exhuust  Noise,"  NASA  TMX-2841,  August  1973. 

71.  Bresnahan,  D.L.,  "Internal  Performance  of  a  10°  Conical  Plug  Nozzle  With 
u  Multispoke  Primary  and  Translating  External  Shroud,"  NASA  TMX-2573, 

June  1972. 


318 


72.  Lee,  R.  and  Semrau,  W. ,  "Jet  Noise  Suppression  Research  Program," 

Final  Report  Contract  No.  Now-62-0887-D,  April  1973. 

73.  Moore,  H.B.  and  Clinch,  J.M. ,  "Application  of  Extended  Plug  Nozzle  Noise 
Suppression  Theory  to  a  Small  Turbojet  Engine,"  FAA-ADS-56,  August  1965. 

74.  Mayer,  J.E. ,  et  al. ,  "FAA  JT3D  Quiet  Nacelle  Retrofit  Feasibility  Pro¬ 
gram,"  FAA-RD-73-131,  June  1973. 

75.  Knott,  P.R.,  et  al.,  "Acoustic  Tests  of  Duct-Burning  Turbofan  Jet  Noise 
Simulation,"  NASA  Contract  Report  2966,  July  1978. 


76.  Cargill,  A.M.  and  Duponchel,  J.P.,  "The  Noise  Characteristics  of  In¬ 
verted  Velocity  Profile  Coannular  Jets,"  Paper  proposed  for  Publication 
at  the  AIAA  4th  Aeroacoustic  Conference,  October  1977. 

77.  Burley,  R.R.  and  Head,  V  L. ,  "Flight  Velocity  Effects  of  Jet  Noise  of 
Several  Variations  of  a  48  Tube  Suppressor  Installed  on  a  Plug  Nozzle," 
NASA  TMX-2919,  February  1974. 

78.  Burley,  R.R. ,  and  Johns,  A.L.,  "Flight  Velocity  Effects  of  Jet  Noise  of 
Several  Variations  of  a  Twelve-Chute  Suppressor  Installed  On  A  Plug 
Nozzle,"  NASA  TMX-2918,  February  1974. 

79.  Dosanjh,  et  al.,  "Noise  Reduction  From  Supersonic  Jet  Flows,"  Grant 
NGR-33-022-082,  DOT-08-20054,  Syracuse  University,  Quarterly  Reports. 

80.  Anon.,  "Experimental  Results  From  Noise  Tests  on  Coplanar,  Coaxial,  Sub¬ 
sonic  Jets,"  Snecma  TN  // YKA560,  July  1972. 

81.  Bushell,  K.W. ,  "A  Survey  of  Low  Velocity  and  Coaxial  Jet  Noise  With 
Application  to  Prediction,"  J,  Sound  Vib  (1971)  17(2),  pp  271-282. 

82.  Williams,  T.J. .  Ali,  M.R.M.V. ,  and  Anderson,  J.S.,  "Noise  and  Flow 
Characteristics  of  Coaxial  Jets,"  Journal  Mech.  Eng.  Sci,  Vol.  II 
No.  2,  1969. 

83.  Reed,  D.H.,  "Effect  of  Forward  Velocity  on  the  Noise  Characteristics  of 
Dual-Flow  Jet  Nozzles,"  ASME  74-WA/AERO-4,  August  1974. 

84.  Olsen,  W.  and  Freedman,  R. ,  "Jet  Noise  From  Coaxial  Nozzles  Over  a  Wide 
Range  of  Geometric  and  Flow  Parameters,"  NASA  TMX-71503,  1974. 

85.  Bilwakesh,  K.R. ,  et  al.,  "Core  Engine  Noise  Control  Program,"  FAA-RD-74- 
125,  August  1974. 

86.  Kantarges,  G.E.  and  Cowthorn,  J.M. ,  "Effects  of  Temperature  on  Noise  of 
Bypass  Tests  as  Measured  in  the  Langley  Noise  Research  Facility,"  NASA 
D-2378,  August  1964. 


319 


87.  Cocking,  B.J.,  "An  Experimental  Study  of  Coaxial  Jet  Noise,"  N.G.T.E. 
Report  No.  R-333;  April  1976. 

88.  Coles,  W.D.  and  Callaghan,  E.E.,  "Full  Scale  Investigation  of  Several 
Jet  Engine  Noise  Reduction  Nozzles,"  NACA  TN  3974,  April  1957. 

89.  Kczlowski,  H.  ,  et  al.,  "Aero-Acoustic  Tests  of  Duct-Burning  Turbofan 
Exhaust  Nozzles,"  NASA  CR-134910,  December  1975. 

90.  Nagamatsu,  H.T. ,  Sheer,  R.E. ,  Jr.,  and  Gill,  M.S.,  "Effects  of  Rods, 
Shrouds,  Transversely  Impinging  Jets,  and  Reverse  Slotted  Cone  on 
Supersonic  Jet  Exhaust  Noise,"  General  Electric,  69-C-169,  April  1969. 

91.  Lee,  R. ,  et  al.,  "Research  Investigation  of  the  Generation  and  Suppres¬ 
sion  of  Jet  Noise,"  Contract  NOas  59-6160-C,  Navy,  Bureau  of  Weapons, 
January  1961. 

92.  Eldred,  K.M. ,  et  al.,  "Suppression  of  Jet  Noise  with  Emphasis  on  the 
Near  Field,"  ASD-TDR-62-578,  February  1963. 

93.  Nagamatsu,  H.T. ,  Sheer,  R.E.  Jr.,  and  Gill,  M.S.,  "Flow  and  Acoustic 
Characteristics  of  191  Tubes  and  191  Shrouds  Supersonic  Jet  Noise 
Suppressor,"  AIAA  71-153,  November  1969. 

94.  Tanna,  H.K. ,  and  Dean,  P.D.,  "An  Experimental  Study  of  Shock-Free  Super¬ 
sonic  Jet  Noise,"  AIAA  75-480,  March  1975. 

95.  Kozlowski,  H. ,  Packman,  A.,  and  Gutierrez,  0.,  "Jet  Noise  Characteristics 
of  Unsuppressed  Duct  Burning  Turbofan  Exhaust  System,"  AIAA  76-149, 
January  1976. 

96.  Tirumalesa,  Duwuri,  "Effect  of  Ejector  Spacing  on  Ejector-jet  Noise 
Characeristics, "  NASA  Vol.  56  No.  3,  February  1973. 

97.  Merriman,  J.E.,  et  al.,  "Forward  Motion  Installation  Effects  on  Engine 
Noise,"  AIAA  76-584,  July,  1976. 

98.  Strout,  F.G.,  and  Ateneio,  A.  Jr.,  "Flight  Effects  on  JT8D  Engine  Jet 
Noise  as  Measured  in  the  NASA  Ames  40-  by  80-Foot  Wind  Tunnel," 

AIAA  76-556,  July  1976. 

99.  Burchom,  F.W.  Jr.,  Lasagne,  P.L.,  and  Kurtenbach,  F.J.,  "Static  and 
Flyover  Noise  Measurements  of  an  Inverted  Profile  Exhaust  Jet,"  ASME 
77-GT-81,  December  1976. 

100.  Samanich,  N,E.  and  Heidelberg,  L.J.,  "Acoustic,  Performance,  and  Wake 
Survey  Measurements  of  a  Lobed  Velocity-Decayer  Nozzle  Installed 

on  a  Quieted  TF-34  Turbofan  Engine,"  NASA  TMX-3413,  August  1976. 


320 


APPENDIX  C 


PROPOSED  ARP  876  GAS  TURBINE  JET 
EXHAUST  NOISE  PREDICTION 


The  following  is  the  text  of  the  letter  (dated  14  July  1975)  transmit¬ 
ting  the  ballot  version  of  proposed  SAE  ARP  876  to  the  A-21  Committee  members. 

Dear  Member, 

The  A21  Committee  will  shortly  be  balloted  on  the  revision  to  AIR  876. 

As  those  of  you  who  managed  to  get  to  London  in  April  will  realize  the 
subcommittee  meeting  agreed  certain  editorial  changes  and  minor  modifications 
to  the  technical  content  of  the  draft,  and  set  a  deadline  of  the  end  of  May 
for  afterthought.  To  those  of  you  who  did  not  attend  the  meeting  I  am  send¬ 
ing  relevant  additional  paperwork. 

We  received  some  comment  from  Boeing  in  the  afterthought  period,  and 
have  spent  some  time  analyzing  this  comment  against  the  document. 

Clearly,  had  it  not  been  for  the  considerable  delay  in  being  able  to 
correspond  and  the  unlikely  event  that  all  concerned  could  obtain  funds  to 
attend  a  special  session,  another  review  would  have  been  desirable  before 
balloting.  However,  I  feel  that  perhaps  the  only  way  of  bringing  the  first 
phase  of  our  work  to  a  satisfactory  conclusion  is  to  get  final  comment  via 
the  ballot. 

On  other  matters  dealt  with  at  the  subcommittee  meeting  I  am  sure  that 
the  initiative  now  lies  largely  with  members  of  the  group.  Out  proposals  for 
shockcell  noise  and  in-flight  affects  need  appraisal  and  comment  as  soon  as 
you  are  able.  On  the  question  of  coaxial  flow  noise  we  will  shortly  be 
sending  a  revised  proposal. 

Naturally  I  hope  that  there  will  be  sufficient  response  for  a  useful 
discussion  at  the  next  A21  meeting,  but  if  no  substantive  material  has  been 
received  by  then  we  may  opt  to  leave  these  matters  for  a  further  six  months. 

Yours  sincerely, 


M.J.T.  Smith 


Introduction  -  AIR  876,  issued  on  October  7,  1965,  presented  a  sum¬ 
mary  correlation  of  Jet  engine  exhaust  noise  data  available  that  time.  It 
dealt  both  with  static  and  with  flight  modes;  btsenose  the  data  was  from  full- 
scale  engines,  no  attempt  was  made  to  subdivide  the  information  into  the 
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relevant  component  sources.  Work  in  recent  years  on  good-quality,  noise 
facilities  has  established  that  most  engine  exhaust  systems  are  influenced  in 
the  noise  characteristics  by  far  more  than  the  noise  due  to  the  external 
mixing  process  along,  and  this  work  has  provided  the  opportunity  to  develop  a 
clearer  picture  of  the  influence  of  other  effects. 

AIR  876  was  also  limited  to  velocities  above  1,000  ft/sec,  i.e.,  the 
range  of  exhaust  velocities  associated  with  early  jet  engines.  The  intro¬ 
duction  of  more  advanced  engine  designs  demands  a  prediction  technique  for 
exhaust  sources  over  a  far  wider  range  of  velocity  conditions. 

Therefore  it  is  intended  that  ARP  876  be  developed  on  a  long-term  basis 
as  a  document  definitive  in  most  aspects  of  the  prediction  of  exhaust  noise, 
consistent  with  the  state  of  the  art,  and  specific  recommended  procedures 
will  be  issued  as  Appendices. 

The  document  will  offer  a  method  of  estimating  the  exhaust  noise  from 
single,  unsilenced  engines.  To  be  useful  in  estimating  the  noise  from  air¬ 
craft  installations,  a  number  of  additional  effects  must  be  considered,  and 
it  is  intended  that  these  also  will  be  covered  as  substantive  evidence  becomes 
available. 


Areas  that  will  not  be  addressed,  due  to  source  variability  with  de¬ 
tailed  engine  design  parameters,  are  aerodynamic  blade  noise  sources;  that 
is,  the  noise  generated  by  interaction  effects  between  rotating  and  station¬ 
ary  components  of  the  fan,  compressor,  and  turbine  systems. 

Eaeh  Appendix  will  be  dated,  and  will  represent  an  approach  to  a  partic¬ 
ular  topic  as  agreed  by  members  of  the  SAE-A21  Subcommittee  with  experience 
or  data  on  that  subject,  lists  of  members  and  affiliated  bodies  contributing 
experimental  data  or  other  information  as  used  in  compiling  any  one  Appendix 
will  be  included.  Correspondence  should  be  addressed  to  the  Secretary  to  the 
A21  Committee  for  appropriate  distribution. 


Sources  of  Exhaust  Noise  -  The  exhaust  system  noise  of  an  aircraft  gas 
turbine  engine  can  be  considered  to  comprise  the  following  main  sources: 

(a)  Pure  jet  mixing  noise  resulting  from  a  hot  core  exhaust  stream 
mixing  with  the  surrounding  environment  (which  may  be  influenced  by 
a  bypass  flow). 

(b)  Pure  jet  mixing  noise  resulting  from  a  cold  bypass  stream  mixing 
with  both  the  surrounding  environment  and  the  core  flow. 

(c)  Shock-associated  noise,  where  either  or  both  hot  and  cold  exhaust 
systems  comprise  a  choked  final  nozzle. 

(<:*)  Jiolse  from  the  core  engine  resulting  from  aerodynamic  disturbances 
upstream  of  the  filial  nozzle,  including  combustion  noise. 

(e)  Aerodynamic  noise,  tonal  and  broadband,  resulting  from  blade  inter¬ 
action  effects  in  fan,  compressor,  or  turbine  systems. 


322 


All  the  above  sources  combine  in  varying  degrees  to  produce  the  overall 
exhaust-noise  characteristics.  The  relevance  of  each  source  is  a  function  of 
both  engine  operating  conditions  and  aircraft  speed.  Because  of  the  depen¬ 
dence  of  aerodynamic  blading  noise  on  the  intimate  design  configuration  of 
any  given  engine,  this  aspect  is  specifically  excluded  from  subsequent  con¬ 
sideration,  and  every  attempt  has  been  made  to  remove  such  phenomena  from  any 
engine  data  used. 

Notes  on  Use  of  Prediction  Procedures  -  Prediction  methods  contained  in 
this  Appendix  are  self-contained. 

To  develop  an  estimate  of  the  total  exhaust-noise  signature  from  an 
engine,  it  is  necessary  to  integrate  the  individual  source  components.  This 
is  effected  by  estimating  each  component  spectrum  and  summing  the  levels  in 
each  one-third  octave  logarithmically.  This  is  most  conveniently  carried  out 
prior  to  any  extrapolation  to  the  relevant  distance  or  corrections  for  atmo¬ 
spheric  conditions  and  ground  reflection  effects.  It  is  also  necessary  to 
•incorporate  any  estimated  turbomachinery  content  (not  covered  herein)  at  the 
initial  stage,  in  order  to  obtain  a  complete  engine  picture.  Furthermore,  it 
is  advisable  that  any  assumed  modification  to  the  noise  by  virtue  of  silenc¬ 
ing  or  installation  effects  is  made  in  the  component  calculation  stage. 

Methods  contained  in  this  Appendix  are  expressed  in  terms  of  noise 
levels  that  would  be  measured  under  free-field  conditions.  Reflective  augmen¬ 
tations  and  cancellations  from  real  surfaces,  primarily  the  ground  surface 
over  which  measurements  are  made,  produce  peaks  and  troughs  in  the  observed 
test  spectra;  these  have  been  corrected  out  of  the  experimental  data  used 
where  it  has  not  been  obtained  under  laboratory  conditions. 

Spectra  and  directivity  plots  in  this  Appendix  must,  therefore,  be  con¬ 
verted  to  nonfree-field  conditions  to  make  them  representative  of  typical  "in 
the  field"  measurements.  SAE  AIR  1327  provides  guidance  on  such  a  conversion 
for  an  acoustically  hard  surface  (i.e.  concrete,  tarmac)  and  advice  on  how  to 
deal  with  other  typical  surfaces  (e.g.  grassland). 

The  prediction  methods  provide  spectral  information  derived  from  measure¬ 
ments  taken  in  the  acoustic  far  field,  but  corrected  back  to  a  reference  dis¬ 
tance  of  less  than  one  nozzle  diameter. 

Since  distances  involved  in  aircraft  noise  calculations  are  large,  apart 
from  the  normal  i 'verse  square  law  correction,  allowance  must  be  made  for 
atmospheric  absortion.  SAE-ARP  866  provides  a  standard  method  of  allowing 
for  atmospheric  absorption  under  a  range  of  ambient  temperature  and  humidity 
conditions. 

If  a  subjective  assessment  is  required,  perceived  noise  levels  (PNl.)  may 
be  calculated  using  the  methods  in  SAE-ARP  865A. 
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Symbols 


a 

o 

A. 

J 

C 

v 

dB 

D. 

1 

f 

8 

NPR 

OASPL 

r 

R 


S 


SPL 

Tj 

V 

a 

vi 


ISA 


Ambient  speed  of  sound 

Cross-sectional  area  of  jet  exhaust  nozzle 

Velocity  coefficient  for  relevant  discharge  nozzle 

2 

Sound  Pressure  Level  (re:  0.00002  N/m  ) 

Nozzle  diameter 

One-third-octave,  center  band  frequency 
Gravitational  constant 
Nozzle  pressure  ratio 

2 

Overall  Sound  Pressure  Level  (dB  re:  0.00002  N/m  ) 
Radial  distance  from  source  to  observer 
Gas  constant 

Free-fteld  overall  sound  pressure  level 

2 

Sound  Pressure  Level  (dB  re:  0.00002  N/m  ) 

Jet  total  temperature  (kelvins) 

Forward  speed  of  engine/airplane 

Fully  expended  jet  velocity 

Ratio  of  specific  heats  for  propulsive  medium 

Angle  to  engine  inlet  axis  (degrees) 

Angle  to  jet  axis  (degrees) 

Atmospheric  density  under  ISA  conditions 
Fully  expanded  jet  density 

Variable  density  index  used  in  computing  jet  mixing 
noise  OASPL 


N0TK:  Variables  for  which  units  are  not  designated  above 

are  used  only  in  dimensionless  ratios. 
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Appendix  I  to  Proposed  ARP  876:  Single-Stream  Jet  Mixing-Noise  Prediction 


Static  Conditions  -  Definitive,  model-scale,  experimental  work  of  recent 
years  has  provided  a  firm  data  base  for  the  study  of  mixing  noise  over  a  wide 
range  of  jet  velocity  and  temperature  conditions.  This  work  has  shown  that 
jet  mixing  noise  level  and  spectral  character  are  a  function  of  the  following 
principal  parameters: 

(a)  The  velocity  differential  between  the  jet  and  the  environment. 

(b)  The  jet  density  relative  to  the  environment. 

(c)  The  jet  dimensions. 

It  has  been  concluded  that  one  of  the  most  convenient  ways  to  express 
jet  noise  characteristics  is  to  consider  firstly  the  normalized  overall  sound 
pressure  level  (OASPL)  as  a  function  of  jet  velocity  (Vj)  and  angle  of  mea¬ 
surement  (0i  or  6j)  and  to  then  relate  the  spectral  character  (on  one-third- 
octave  basis)  to  the  overall  level  at  any  point  in  the  field.  This  procedure 
may  be  adopted  by  using  Figures  C-l  through  C-10  et  seq. 

The  method  of  calculation  is  as  follows: 


Step  1  - 


V 


j 


Calculate  the  fully  expanded  mean  jet  velocity  (Vj)  from  a 
knowledge  of  jet  temperature  and  pressure,  where: 


or,  where  a  definition  of  temperature  and  pressure  is  not 
readily  available  (for  example,  from  engine  test  stand  measure¬ 
ments)  an  alternative  method  of  calculating  Vj  is  from  thrust 
and  mass  flow,  where: 


Step  2 


Static  Gross  Thrust" 
Mass  Flow 


(C-2) 


Using  V  obtained  from  Step  1  and  the  ambient  speed  of  sound 
(a0)  obtain  the  variable  density  index  (w)  from  Figure  C-l. 


Step  3  - 


Using  Figure  C-2  obtain  the  normalized,  free-fiold,  overall 
sound  pressure  level  (S)  where: 

U) 

S  «  OASPL  -  10  log  |(£X~  )  ^1  (C-3) 

lvpua  '  r  ** 


for  the  value  of  Vj  at  any  desired  angle. 
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Figure  C-2.  Pure  Jet  Mixing  Noise  Nondimensional  Polar  Prediction  Carpet 
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Figure  C-3.  Jet  Noise  Characteristics,  90*  to  20s  Angle  to  Intake 
Axis,  90*  to  160*  Angle  to  Jet  Axis. 
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Figure  C-4,  Jet  Holse  Characteristics,  100*  Angle  to  Intake  Axis, 
80*  Angle  to  Jet  Axla. 
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Figure  C-6.  Jet  Nolee  Characteristics,  120*  Angle  to  Intake  Axis, 
60*  Angle  to  Jet  Axis. 
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Figure  C-8.  Jet  Noise  Characteristics,  140*  Angle  to  Intake  Axis, 
40'  Angle  to  Jet  Axis. 


Step  4  -  Calculate  the  overall  sound  pressure  level  (QASPL) 
where: 


OASPL  =  S  +  oj  x  10 


log 


+  10  log 


(C-4) 


Step  5  -  Obtain  one-third-octave  band  spectrum  levels  from  Figures 

C-3  to  C-10  using  a  knowledge  of  the  jet  velocity  (Vj),  the 
jet  temperature  (Tj),  and  the  final  nozzle  diameter  (Dj)  to 
determine: 


log 


fd 

V.s 

1 


(C— 5  ) 


where 


VjS  =  sinCOj)  +  aQ  (1  -  sinOj))  (C-6) 


For  angles  and  temperatures  other  than  the  values  specified 
in  Figures  C-3  through  C-10  linear  interpolation  is  recom¬ 
mended. 

Origins  of  Experimental  Data  For  Appendix  I  -  Experimental  model  rig 
data  used  in  this  appendix  has  been  obtained  from  the  following  sources: 

•  General  Electric >  1  Jimaon  Road,  Cincinnati,  Ohio,  USA. 

SAK  Communication  <W,0.  Cornell  to  SAE-A21)  11th  October  1972. 

SAE  Communication  (W.G.  Cornell  to  N.J.T.  Smith) 

14th  May  1974, 

SAE  Communication  (W.S.  Fisk  to  M.J.T.  Smith)  31st  December  1974. 

•  Lockheed  Georgia  Company,  Marietta*  Georgia,  U.S.A. 

"Effect  of  Temperature  on  Supersonic  Jot  Ho  lac"  - 
Tanner  4  Dean  paper  AIAA  73-991 
October  1973. 

"An  Experimental  Study  of  Shock-Free  Supersonic  Jet  Jioisa" 

-Tanner  &  Dean  paper  AIAA  7S-48P 
March  1975. 

•  foitional  Gas  Turbine  Establishment.  Pyestock, 

Fambotough,  Hampshire*  England” 

Paper  "Studies  of  the  Influence  of  Density  oh  Jet  Koise"  -  Marseil¬ 
les  First  International  Symposium  on  Air  Breathing  Engines,  June 
1973. 
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Communication  (B.  Cocking  to  K.  Bushel!) 

12th  October  1973. 

•  Rolls-Royce  (1971)  Limited,  Derby  and  Bristol,  Engine. 

Report  INM  00067  8th  September  1971. 

Report  GN  14181  4th  October  1971. 

Report  INR  20142  22nd  April  1972. 

K.K.  Ahuja  and  K.W.  Bushell  -  An  Experimental  Study  of  Subsonic 
Jet  Noise  and  Comparison  With  Theory.  Journal  of  Sound  and 
Vibration  pp  317-341,  1973. 

•  Societe  National  d'Etude  et  de  Construction  de  Moteurs  d'Avlation, 
77  Moissy-Cramayel,  France. 

Report  545ZA62  17th  April  1970 

Paper  "Studies  of  the  Influence  of  Density  on  Jet  Noise" 

Marseilles  First  International  Symposium  on  Air  Breathing 
Engines,  June  1973. 

Report  YKA  No.  4851/73  JPD/GM  14th  September  1973. 

Report  YKA  No.  5009/74  JPD/MTL  29th  March  1974. 

Report  YKA  No.  5317/75  RH/MTL  31st  January  1975. 

•  The  Boeing  Company,  Settle,  Washington,  USA. 

Document  No.  D6-40604  2nd  October  1972 

Co-ordin  ’tion  Sheet  No.  ANS-RES-442 
1st  Aprii.  1973. 

Co-ordination  Sheet  No.  ANS-RES-512 
18th  March  1974. 

N.B.:  Engine  data  has  been  supplied  by  the  above  and  other  contributors 
listed  below  but  has  not  been  used  in  compiling  the  definitive  curves  and 
spectra,  due  to  the  probable  presence  of  other  sources.  Nevertheless,  com¬ 
parisons  have  been  made  between  the  method  and  such  engine  data  showing  good 
agreement  at  frequencies  where  other  sources  are  thought  to  have  little 
influence. 
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Parties  Contributing  to  Compilation  of  Appendix  I 
Douglas  Aircraft  Company,  USA. 

General  Electric,  USA. 

Hamilton  Standard,  USA. 

Lockheed  California  Company,  USA. 

National  Aero  &  Space  Adminstration,  Langley,  USA. 
National  Gas  Turbine  Establishment,  United  Kingdom. 
Pratt  &  Whitney  Aircraft  Company,  USA. 

Rolls-Royce  (1971)  Limited,  UK. 

SNECMA,  France. 

The  Boeing  Company,  USA. 

Department  of  Transportation,  USA. 
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APPENDIX  D 


PREDICTION  OF  SINGLE  STREAM  SHOCK-CELL  NOISE  -  REVISED  PROCEDURE 


A  prediction  method  for  broadband,  shock-cell  noise  was  issued  to  the 
SAK  on  September  25,  1974.  The  method  was  based  on  a  simplified  version  of 
the  work  of  Harper-Bourne  and  Fisher. 

The  simplification  was  the  assumption  that  the  shock  pattern  was  equally 
spaced  along  the  jet  axis.  This  assumption  gave  results  which  were  unaccept¬ 
able.  In  order  to  match  the  data,  an  empirical  modification  to  the  results 
was  made. 

A  revised  version  of  the  method  was  issued  to  members  on  April  1,  1975. 
This  method  now  includes  a  variable,  shock-cell  spacing.  This  method  also 
included  minor  editorial  changes.  The  prediction  method  which  resulted  is 
of  a  slightly  different  form  from  that  given  by  Harper-Bourne  and  Fisher, 
and  for  this  reason  an  appendix  was  issued  which  fully  detailed  the  derivation 
of  the  method. 

Prediction  of  Single-Stream,  Shock-Cell  Noise  -  In  an  incorrectly  expanded, 
supersonic  jet  flow,  shock  waves  will  be  formed  which  have  a  semiregular 
structure.  The  interaction  of  flow  turbulence  with  this  shock  structure 
produces  a  noise  source  in  addition  to  that  associated  with  turbulent  mixing. 

This  source  has  two  components,  one  consists  of  harmonically  related, 
discrete  tones,  often  termed  screech.  This  component  is  rarely,  if  ever, 
present  in  engine  measurements  because  the  acoustic  feedback  to  the  nozzle 
is  interrupted  due  to  nozzle-flow  irregularities. 

The  other,  more  broadband  yet  strongly  peaked  source  is  usually  termed 
shock-cell  or  shock-associated  noise.  This  source  is  often  significant  in 
high  speed  jut  flows,  and  it  is  for  this  source  that  the  prediction  method 
has  been  derived. 

Method  -  Thu  method  given  is  based  on  the  work  of  Harper-Bourne  and 
Fisher. 

The  method  of  calculation  is  as  follows: 


SPL(f)  -  10  logK) 
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where 


V . 

=  fully  expanded  jet  Mach  no. 


=  Nozzle  diameter  (ft) 

=  Radial  distance  from  source  to  observer  (ft) 


..  f  [  ,  .  2  i,1  (i)2  N  1  cos  (F)  sin  (F  0.115) 

H(f)  =  G(s„)  1  +  nS  C(sn)  S  F  07Tl5 

\  i-1  s-0 


2irf  1.31  6D 

“7“ 


J  L  +  °-7vi 

—  <1  +  - -  cos 

)  an 


(D-l) 


0i||i  1  -  0.06  (^-y^  +  s)j  |  (D— 2) 


Vj  =  Fully  expanded  jet  velocity  (ft/sec) 
a0  «*  Ambient  speed  of  sound  (ft/sec) 

0j  a  Angle  to  engine  inlet  axis  (degrees) 
f  »  One- third-octave,  center-band  frequency  (Hz) 

f  1.1  bUa 


and  values  of  C(su)  and  C(8n)  are  shown  in  Figure  D-l. 


340 


LIST  OF  SYMBOLS 


Symbol 

A 

a 

o 

AR 

ARej 

C,  c 

D,  d 
f 

K 

l 

M 

N 

P 

m, 

PNLT 

EPNL 

PWL 


OAPWt. 


SPL 

OASPL 


R 


Nozzle  exhaust  area,  ft 
Ambient  speed  of  sound,  ft/sec 

Suppressor  area  ratio;  determined  by  the  total  nozzle  area, 
excluding  any  plug,  to  the  flow  area  of  the  nozzle 

Ejector  area  ratio;  determined  by  the  ratio  of  the  minimum  flow 
area  of  the  inlet  to  the  ejector  to  the  flow  area  of  the  nozzle 

Speed  of  sound,  ft/sec;  also  constant  pressure  specific  heat 

Diameter,  ft 

One-third-octave  band  frequency,  Hz 
Ideal  gross  thrust,  lbf 

Number  of  rows  of  tubes;  also,  variation  in  coannular  jet  noise 
with  nozzle  area  ratio 

Ejector  length,  ft 

Jet  Mach  number 

Number  of  elements 

Pressure,  lbf /in, ^ 

Perceived  noise  level,  PNdB 

Tone-corrected  perceived  noise  level,  PNdB 

Effective  perceived  noise  level,  EPNdB 

Sound  power  level,  dil  re:  10  watts 

Overall  sound  power  level 

Sound  pressure  level,  dB  re:  dynes/in. 

Overall  sound  pressure  level 

Acoustic  treatment  resistance  rayls;  also,  noise  measurement 
radius,  ft 
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LIST  OF  SYMBOLS  (Continued) 


Symbols 

R  Suppressor  radius  ratio,  determined  by  the  ratio  of  the  inner 

r  radius  to  the  outer  radius  for  the  particular  flow  passage 

Rg  Centerbody  plug  radius,  ft 

S  Distance,  ft 

T  Temperature,  0  R 

U,V  Jet  velocity,  isentropic,  fully  expanded,  ft/sec 

W  Weight  flow  rate,  lbm/sec 

X  Axial  distance,  ft;  also,  acoustic  treatment  specific 

reactance,  ray Is 

aa  Effective  absorption  coefficient 

3  Cant  angle,  degrees;  also,  (4^-1 

y  Ratio  of  specific  heats 

§  Mixing  zone  radius,  ft 

A  Difference  in  noise  from  a  conical  nozzle  due  to  a  bypass 

stream,  dB 

9  Angle,  degrees 

0i  Angle  of  incidence,  degrees 

0  .  Critical  refraction  angle,  degrees 

1  Wavelength,  ft 

p  Density,  lbo/ft^ 

w  Density  ratio  exponent 

Superscript 

i  Inner  stream 

o  Outer  stream 
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LIST  OF  SYMBOLS  (Concluded) 


Symbol 

Subscript 

a,ISA,0  Ambient  or  aircraft  conditions 
c  Potential  core 

eff  Effective 

ej  Ejector  conditions 

eq  Equivalent  dimension  based  on  flow  area  *»  /AA/tt 

H  Hard  wall 

i  Inner  stream 

I,  i  Inlet  conditions 

J,  j  Jet  (exhaust)  conditions 

M,  5  Merged  or  mean  conditions 

mix,  ma  Mixed  or  mass  average  conditions 
n  Nozzle  condition 

o  Outer  row/outer  scream 

p  Initial  noise  generation;  also,  peak 

P,  peak  Peak 

$  Static 


s  Suppressor 

T,t  Total  condition,  tube,  or  treated 

1  Individual  tube 

2  Nozzle  outer  diameter 

3,8  Conditions  at  coru  Nozzle  exit  (fully  expanded) 
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